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ABSTRACT 
EXAMINATION OF THE ASSOCIATION BETWEEN IN VITRO 
PROPICONAZOLE SENSITIVITY AND FIELD EFFICACY AMONG FIVE 
DIVERSE SCLEROTINIA HOMOEOCARPA POPULATIONS ON TURFGRASS 
 
February 2011 
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Directed by: Professor Geunhwa Jung 
 
 
 
Sclerotinia homoeocarpa F.T. Bennett, the causal agent associated with dollar 
spot, is a common and economically challenging turfgrass disease in North America.  
Acceptable turfgrass quality requires the optimization of cultural practices and the 
judicious use of fungicides.  Sclerotinia homoeocarpa causes significant damage to 
turfgrass swards from May to October annually, therefore, requiring multiple fungicide 
applications to maintain satisfactory turfgrass quality throughout the growing season.  
Sterol demethylation inhibitor (DMI) fungicides are among the most widely used in the 
United States and frequent use has led to the development of fungicide resistance to the 
DMI fungicide class.  The precise mechanism of DMI fungicide resistance in S. 
homoeocarpa is not completely understood, however over expression of the CPY51A 
gene or efflux transporter genes have been reported as the molecular mechanism for other 
fungal systems.  Fungicide resistance to the DMI class exhibits a gradual population shift 
towards insensitivity that can be monitored using in vitro fungicide sensitivity assays.  In 
vitro fungicide sensitivity assays have been used to detect fungicide sensitivity 
 vi 
differences in different S. homoeocarpa isolates and currently serve as the most accurate 
methodology to detect DMI insensitivity in S. homoeocarpa.  Documentation of DMI 
field efficacy on native S. homoeocarpa populations with differing in vitro sensitivities 
has not been examined thoroughly and would provide critical information regarding the 
association between in vitro fungicide sensitivity and DMI field efficacy.  The objectives 
of this research are (i) to determine the association between in vitro propiconazole 
sensitivity and reduced field efficacy for five native S. homoeocarpa populations and (ii) 
to develop a qualitative in vitro sensitivity assay for detection of S. homoeocarpa isolates 
responsible for practical field resistance.   
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CHAPTER 1 
LITERATURE REVIEW 
Introduction 
 Since the beginning of production based agriculture, pest control of damaging 
insects and pathogens has been a necessary practice to increase crop quality and yield.  
The advent of monoculture has enabled insects and pathogens to exist in large 
populations and created epidemics that have forever changed the cultivation and 
existence of certain plant species (De Waard et al., 1993).  Dutch elm disease 
(Ophiostoma ulmi), late blight of potato (Phytophthora infestans), rice blast 
(Magnaporthe grisea) and apple scab (Venturia inaequalis) are all examples of the 
devastating effects that pathogens have exerted on monocultures (Schuman and D’Arcy, 
2006).  In order to combat plant disease and maintain satisfactory quality and yields, 
fungicides were invented to protect crops.  Fungicides have effectively become one of the 
most successful defenses against plant pathogens since the late 19
th
 century (Russell, 
2005).  Similar to the development of insecticide resistance, plant pathogens have 
developed resistance to fungicides through the transfer of genetic mutations that confer 
resistance or reduced sensitivity to specific fungicidal chemical classes.  Fungicide 
resistance has become an increasing problem since the introduction of fungicide 
chemistries that inhibit specific metabolic sites; therefore, a small, stable change in fungal 
DNA can be passed down to future generations.    
 
History of Fungicides 
 2 
The history of fungicides began with the discovery of Bordeaux mixture in 1895 
to control powdery mildew (Uncinula necator) on grapes and is considered the first 
successful fungicide (De Waard et al., 1993; Russell, 2005).  More inorganic compounds 
such as mercuric chloride, phenyl mercury acetate and mercurious chloride were 
introduced in the early 1900’s following the acceptance and use of Bordeaux mixture 
(Russell, 2005).  The next influx of new fungicidal compounds was introduced following 
World War II and consisted of organic fungicides such as anilazine, captan, 
chlorothalonil, dodine, pentachloronitrobenzene and multiple dithiocarbamate class 
compounds (De Waard et al., 1993; Eckert, 1988; Russell, 2005).  All fungicide 
compounds introduced prior to the 1960’s were non-selective fungicides that inhibited 
multiple metabolic sites and required preventative application to protect against pathogen 
infection (Eckert, 1988).  
The 1960’s marked the induction of the first fungicide compounds to systemically 
translocate within plants and offer curative control of plant pathogens.  Systemic 
fungicides target a specific biochemical pathway or metabolic site; this was a significant 
trait that set systemic fungicides apart from all previous fungicide compounds (De Waard 
et al., 1993; Eckert, 1988).  Many of the compounds within the systemic fungicide 
generation first became available in the 1960’s and 1970’s and most importantly 
consisted of the benzimidazole, carboximide, sterol demethylation inhibitor, 
dicarboximide, and phenylamide fungicide classes.  The flush of new fungicides into the 
agricultural market in this time period was a reflection of the increased research and 
development paired with market demand for compounds that utilized reduced application 
rates and provided increased field efficacy (Russell, 2005).  Consequently, the increase in 
 3 
food production achieved by the use of pesticides prior to the 1960’s was accompanied 
by the overuse and mismanagement of pesticides and resulted in negative environmental 
consequences.  Non-target effects such as ground water contamination, death of non-
target organisms and insecticide resistance are among a few of the consequences that 
resulted from the overuse of pesticides.  The recognition of these consequences in the 
book Silent Spring by Rachel Carson brought public attention to pesticide use and created 
a negative public stigma towards the use of pesticides (Carson, 1962; De Waard et al., 
1993).  Due to public concerns over mammalian toxicity from environmental pollution, 
the demand for less toxic fungicide chemistries that required lower application rates and 
decreased non-target effects further increased.  Therefore, developing fungicides that 
were systemically active within plants (longer efficacy than contact topical mode of 
action) and inhibited specific fungal metabolic sites (decreased mammalian toxicity) 
satisfied both aspects of the public and market demands for fungicide compounds (De 
Waard et al., 1993).  Currently, government policies regarding the registration of 
pesticides have become increasingly stringent due to the battery of tests that new 
pesticides must pass in order to gain or maintain registration (De Waard et al., 1993).       
Research to develop new fungal inhibitory modes of action in the 1960’s grew 
rapidly due to increased pesticide use, increased understanding of chemistry, public 
demand for less toxic chemicals, and the discontinuation of previously used compounds 
that were environmentally harmful (Russell, 2005).  Despite the rapid advances in 
science, the failure to examine or evaluate the risk of fungicide resistance within the 
newly created fungicide classes led to the unexpected occurrence of fungicide resistance.  
The first report of practical fungicide resistance was in 1964 to mercury-based fungicides 
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for the control of cereal leaf spot and stripe caused by Pyrenophora spp. (Noble et al. 
1966).  Reports of practical resistance to dodine for the control of apple scab (Venturia 
inaequalis) were reported in 1969 (Eckert, 1988; Szkonik and Gilpatrick, 1969).  
Practical fungicide resistance to benomyl from the benzimidazole class was reported in 
1969 for control of powdery mildew (Sphaerotheca xanthii) on cucurbits in greenhouses 
(Schroeder and Provvidenti, 1969; Smith, 1987).  This marked the first report of 
resistance to systemic fungicides and occurred only after one year of benomyl application 
(Schroeder and Provvidenti, 1969; Smith, 1987).  Many reports of practical field 
resistance to the benzimidazole class have followed and the list currently totals 70 
different plant pathogens resistant to members of the benzimidazole class (Anonymous, 
2006).  Practical field resistance to the dicarboximide class was reported in 1982, for 
control of grey mold (Botrytis cinerea) and has been reported for 16 different plant 
pathogens (Katan, 1982; Anonymous, 2006).  Practical field resistance to the sterol 
demethylation inhibitor fungicide class was first reported in 1984, for control of barley 
powdery mildew (Erysiphe graminis f. sp. hordei) and has been reported for 21 different 
plant pathogens (Anonymous, 2006; Butters et al., 1984).    
 
Fungicide Resistance 
Overall, fungicide resistance was not a significant problem until the introduction 
and frequent use of single-site mode of action fungicides (Eckert, 1988; Sisler, 1988).  
Since single-site mode of action fungicides target a specific metabolic site, genetic 
mutations to the targeted site have allowed pathogens to develop reduced sensitivity or 
resistance to different fungicide active ingredients (Brent and Holloman, 2007; 
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Georgopoulos, 1988).  Fungicide-resistant fungal populations have been selected from 
repeated exposure to fungicides with the same mode of action and have led to fungicide 
resistance reports becoming increasingly widespread.   
The term fungicide resistance can be characterized as the loss or reduced 
sensitivity of a particular pathogen to a specific fungicide or fungicide class (Brent and 
Holloman, 2007).  In most cases, a small number of resistant isolates exist in the 
pathogen population prior to fungicide application; however, fungicide application exerts 
the necessary selection pressure for the resistant subpopulation to increase within the 
main pathogen population (Georgopoulos, 1988).  A genetic mutation to the metabolic 
site in which the fungicide inhibits fungal growth allows the resistant subpopulation to 
tolerate the fungicide and proliferate while sensitive subpopulations are controlled 
(Georgopoulos, 1988).  Due to the different genetic mechanisms (monogenic vs. 
polygenic) that regulate fungicide resistance, differing resistance responses have been 
observed among fungicide classes.   
The sudden or marked loss of fungicide efficacy is called qualitative fungicide 
resistance and results in the existence of a distinctly sensitive and resistant pathogen 
subpopulation within the main pathogen population (Brent and Holloman, 2007).  A 
qualitative resistance response can result in large shifts within pathogen populations in 
short time periods and is exacerbated by repeat applications of a fungicide with the same 
mode of action.  Another trait of qualitative resistance is that increased applications rates 
of the fungicide will not provide control of the resistant pathogen subpopulation 
(Georgopoulos, 1988).  The benzimidazole, dicarboximide, and phenylamide fungicide 
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classes are all examples of qualitative fungicide resistance that result from a single gene 
mutation (De Waard et al., 1993). 
Quantitative fungicide resistance results in reduced fungicide efficacy and 
exhibits a gradual population shift towards insensitivity to the fungicide (Georgopoulos, 
1988; Köller, 1988; Sisler, 1988).  Quantitative fungicide resistance is attributed to 
multiple genes being responsible for reduced efficacy and is represented by a unimodal 
population distribution that incorporates varying pathogen sensitivities throughout the 
population (Georgopoulos, 1988).  Due to the polygenic gene relationship, complete 
fungicide failure is rarely observed, however, repeated exposure to fungicides with the 
same mode of action will exert the necessary selection pressure and shift the population 
mean further towards insensitivity and reduce fungicide efficacy (Köller, 1988; Köller 
and Scheinpflug, 1987; Skylakakis, 1987).  Interestingly, improved efficacy on 
quantitatively resistant populations has been observed by increasing fungicide rate and 
decreasing application interval (Köller and Wilcox, 1999).  The azole portion of the 
demethylation inhibitor (DMI) class is an example of quantitative fungicide resistance 
due to unimodal population distributions that have been observed in the pathogens 
Erysiphe graminis f .sp. hordei, Sclerotinia homoeocarpa and Venturia inaequalis, 
(Butters et al., 1984; Eckert, 1988; Golembiewski et al., 1995; Köller et al., 1997). 
Cross-resistance to fungicides with the same mode of action has been reported for 
multiple fungicide classes (Köller, 1988; Hsiang et al., 1999; Warren et al., 1974).  Cross-
resistance is the result of a pathogen exhibiting fungicide resistance to multiple 
fungicides with the same mode of action (Brent and Holloman, 2007).  Reports of cross-
resistance within the azole sector of the DMI class have included the majority of 
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pathogens in which practical field resistance has been reported (De Waard et al., 1986; 
Hsiang et al., 1997 Kunz et al., 1997; Köller, 1988).  Reports of cross-resistance to the 
azole sector in the DMI class are of importance because the DMI class suppresses 
diseases from the four major classes of fungi and thus gives broad-spectrum disease 
control (Köller, 1992).  
 
DMI Fungicide Class 
 The demethylation inhibitor class is one of the largest fungicide classes and is 
composed of two main groups (azoles and morpholines) that inhibit sterol biosynthesis at 
different parts of the pathway (Russell, 2005; Scheinpflug, 1988).  Morpholines differ 
from the demethylation inhibitors by attacking the !8–!7 isomerase and !14 reductase, 
whereas azoles inhibit the removal of a methyl group in the C-14 position (Köller, 1988; 
Köller, 1992; Russell, 2005).  The azole portion of the DMI class represents the majority 
of the DMI compounds that are used in agriculture, and will be referred to as the DMI 
class in this literature review.   
DMI fungicides bind to 14"-demethylase and inhibit binding to lanosterol (24-
methyllenehydrolanosterol), which disrupts the demethylation of C-14 and halts sterol 
biosynthesis (Köller, 1988).  Ergosterol is the last sterol synthesized in the sterol 
biosynthesis pathway and is essential for membrane fluidity, regulatory functions and 
steroid hormones (Köller, 1988).  Lanosterol is the first sterol structure that occurs in the 
sterol pathway of non-oomycete fungi and must undergo considerable modification 
before ergosterol is formed (Köller, 1988).  More specifically, 14"-demethylase catalyzes 
the hydroxylation of the C-14 methyl group and is followed by two oxidation steps, 
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which release formic acid to an intermediate double bond at the C-14 position and then 
reduce the intermediate bond to a single bond, which completes the demethylation 
process of C-14 (Köller, 1988).  Previous research has confirmed that DMI insensitive 
isolates are capable of producing ergosterol despite the presence of lethal DMI 
concentrations, however, DMI sensitive isolates do not produce nearly the same amount 
of ergosterol and have been found to have higher amounts of lanosterol and 24-
methyllenehydrolanosterol than insensitive isolates (Smith and Köller, 1990).  Smith and 
Köller examined the sterol content between an insensitive and sensitive isolate of 
Ustilago avenae exposed to 2 µg a.i. ml
-1
 of the DMI fungicide triadimenol and reported 
that the insensitive isolate showed significantly higher levels of ergosterol 10 and 24 
hours after exposure to 2 µg a.i. ml
-1
 triadimenol and sensitive isolates showed higher 
levels of 24-methyllenehydrolanosterol (Smith and Köller 1990).  
There has been a great deal of research focused on elucidating DMI resistance 
mechanisms of insensitive populations among various fungi.  Since the advent of 
molecular technology, more specific questions regarding the precise DMI resistance 
mechanisms have been answered and three main DMI resistance mechanisms have been 
identified in resistant isolates among an array of fungi.  Specific point mutations to the 
CYP51A gene that encodes 14"-demethylase may reduce the binding affinity of DMI 
fungicides to 14"-demethylase (De´ lye et al., 1998; Ma and Michailides, 2005; Wyand 
and Brown, 2005).  Over-expression of the CYP51A gene leads to increased 14"-
demethylase production, thereby allowing for sterol biosynthesis production to continue 
(Hamamoto et al., 2000; Ma et al., 2006; Luo and Schnabel, 2008).  The energy-
dependent efflux model is mediated by over-expression of the ATP-binding cassette 
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(ABC transporter encoding genes) and results in either decreased uptake or increased 
transport of DMI fungicides from fungal cells (Hayashi et al., 2002; Ma and Michailides, 
2005).  Further study of DMI resistance mechanisms is needed to elucidate the 
aforementioned mechanisms among different fungi.  However, very few fungal pathogen 
genomes have been sequenced and differences in DMI resistance mechanisms among 
different fungal systems remains largely unknown.   
There has also been a large amount of research compiled utilizing non-molecular 
techniques to monitor populations for reduced DMI sensitivity.  Due to the quantitative 
nature of DMI resistance, monitoring techniques that differentiate between insensitive 
and sensitive isolates are crucial.  Venturia inaequalis (apple scab) is an example of a 
pathogen that has been studied extensively using in vitro fungicide sensitivity assays to 
develop strategies for population monitoring.  Venturia inaequalis is a serious disease of 
temperate climates and requires multiple fungicide applications each year to adequately 
manage V. inaequalis (Köller and Wilcox, 2001).  Consequently, reduced DMI fungicide 
efficacy has become a major problem in Venturia inaequalis management. 
Smith et al. reported that measuring mycelium growth inhibition by comparing 
relative growth (RG) on a fungicide-amended medium to a non-fungicide amended 
medium was a successful technique for evaluating DMI resistance (Smith et al., 1991).  
Smith et al. reported that a single discriminatory concentration representative of the ED50 
(Effective Dose to inhibit 50% mycelium growth) of a baseline (sensitive) population was 
optimum to screen for reduced DMI sensitivity and the sample size of 50 was deemed 
sufficient to detect population differences in the DMI flusilazole (Smith et al., 1991).  A 
single discriminatory concentration avoids conducting an ED50 test, which is too 
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cumbersome for routine monitoring and would not be applicable for screening large 
amounts of isolates.  Smith et al. also reported that sample size for DMI monitoring 
studies should be adjusted according to population variance, which should be relatively 
similar for fungicides among the DMI class (Smith et al., 1991).  Köller et al. further 
examined V. inaequalis population distributions and reported populations that suffered 
practical DMI field resistance were significantly different then the baseline population 
according RG values (Köller et al., 1997).  Köller et al. quantitatively assessed DMI 
resistance by classifying isolates with RG percentages greater than 80% as resistant 
isolates (Köller et al., 1997).  Interestingly, the two populations with practical DMI field 
resistance revealed that 38.9% and 44% of their respective populations were made up of 
resistant isolates, whereas the baseline population revealed only 1.7% resistant isolates 
(Köller et al., 1997).  Although this method leaves some inherent room for error, the main 
point was to delineate a more concise and definitive method to analyze DMI insensitive 
populations from sensitive populations.  Köller et al. also conducted a greenhouse trial 
between a sensitive isolate (42% RG on fenarimol-amended media) and resistant isolate 
(88% RG on fenarimol-amended media) (Köller et al., 1997).  The results showed a clear 
contrast in efficacy, the sensitive isolate was controlled 100% by both fenarimol and 
myclobutanil (both DMI fungicides), whereas the resistant isolate showed 51% and 75% 
control, respectively.  Similar research regarding Sclerotinia homoeocarpa has not also 
been accomplished in turfgrass and the population analysis done in Venturia inaequalis 
may applicable to DMI insensitivity monitoring research in Sclerotinia homoeocarpa.  
Much like V. inaequalis, S. homoeocarpa is also a serious disease of temperate climates 
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and the use of multiple fungicide applications each year to maintain satisfactory turf 
quality has led to the development of fungicide resistance to the DMI class on turfgrass.  
 
Sclerotinia homoeocarpa  
Sclerotinia homoeocarpa F.T. Bennett is the casual agent of dollar spot and is one 
of the most common and destructive diseases of turfgrass (Smiley et al., 2005).  
Sclerotinia homoeocarpa is a widespread problem throughout North America and is the 
most prevalent disease in all regions with the exception of Western Canada and the 
Pacific Northwest regions.  Due to the persistent nature of S. homoeocarpa, more money 
is spent to control S. homoeocarpa than any other disease in finely managed turfgrass 
(Goodman and Burpee, 1991).  The rise in popularity of golf over the past 30 years has 
created the demand for high quality conditions and amplified management intensity on 
golf courses (Walsh et al., 1999).  
S. homoeocarpa is characterized by a wide host range, but is of most significance 
on annual bluegrass (Poa annua L.) and creeping bentgrass (Agrostis stolonifera L.), 
which constitute a large portion of finely managed turfgrass in temperate climates.  S. 
homoeocarpa is believed to overwinter as dormant mycelium inside infected plant tissue 
and to a lesser degree as stromata on the leaf surface (Couch, 1995; Smiley et al., 2005; 
Smith et al., 1989).  S. homoeocarpa will remain dormant until temperatures in the range 
of 15-30°C are reached.  Humid days and cool nights enhance dew formation on turfgrass 
and provide the optimal environmental conditions for infection (Smiley et al., 2005).  
After and during the occurrence of the aforementioned favorable environmental 
conditions, mycelium will spread along the leaf surface and may infect by forming an 
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appressorium and penetrating leaf tissue through direct infection or by infecting through 
stomatal openings, cut leaf tips or mechanical wounds (Couch, 1995; Smiley et al., 2005; 
Smith et al., 1989).  Leaf surface moisture from guttation fluids has been found to play a 
significant role in the infection process because the sugars and amino acids contained in 
guttation fluid (dew) provide a nutrition source to S. homoeocarpa prior to penetration 
(Williams et al., 1996).  Upon mycelial penetration, S. homoeocarpa will absorb nutrients 
from host cells, which will cause host cells to collapse and result in the formation of 
typical disease symptoms (Monteith and Dahl, 1932).    
 The early disease symptoms of S. homoeocarpa will generally appear as 1-2 cm 
size tan/brown spots on closely mown turfgrass (< 1.3 cm).  If left unchecked, spots can 
enlarge to about the size of 5 cm and may become bleached and sunken.  On taller cuts of 
turfgrass (>1.3 cm) S. homoeocarpa ranges in size (2-15 cm across) and individual spots 
may coalesce to form large patches of blighted turfgrass (Smith et al., 1989).  Turfgrass 
infection symptoms begin with leaf blades displaying chlorotic lesions that become water 
soaked and lastly result in a straw or bleach colored lesion (Smiley et al., 2005).  The 
lesion is usually marked by a tan to reddish brown border that produces the hourglass 
appearance associated with S. homoeocarpa infection.  The collection of multiple lesions 
from surrounding leaf blades is the contributing factor to the formation of individual S. 
homoeocarpa infection centers (Couch, 1995).  The morning after infection has occurred, 
prolific amounts of cobwebby mycelium will be located in small patches (2-5 cm) with 
the aforementioned lesions residing within the small patches (Smiley et al., 2005).  The 
damage caused by S. homoeocarpa severely reduces the aesthetic quality and can impact 
the golf course function. 
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Pathogen Taxonomy 
S. homoeocarpa was first reported by the Monteith and Dahl (1932) and was 
originally named “small brown patch” before obtaining the name dollar spot (Couch, 
1995).  F.T. Bennett extensively studied isolates from the American, Australian and 
British origin in the 1930’s.  Bennett (1937) observed three distinctly different strains of 
dollar spot and described them as: a) a “perfect strain” from British dissent that produced 
ascospores and conidia; b) an “ascigerous strain” from British dissent that produced 
ascospores and microconidia; c) “non-sporing strains” from American, Australian and 
British dissent that did not produce ascospores an occasionally produced rudimentary 
apothecial initials.  All three strains were considered to be from the same fungus, which 
was classified as Sclerotinia homoeocarpa by F.T. Bennett.  Numerous researchers have 
attempted to observe conidia produced by the “perfect strain,” however; Bennett remains 
the only individual to record a successful observation of both sexual stages (Baldwin and 
Newell, 1992; Jackson, 1973).  Although the Latin name has not changed, there has been 
much debate regarding the taxonomic position of S. homoeocarpa for two chief reasons.  
The production of flat plat-like substratal stromata are produced instead of sclerotia and 
the absence of fertile apothecia observed in North American isolates suggest that S. 
homoeocarpa may be more accurately classified in the Lanzia, Moellerodiscus or 
Rutstroemia genera (Carbone and Kohn, 1993; Smith et al., 1989; Kohn, 1979).  
Unfortunately, the absence of the teleomorph stage makes the proper classification of S. 
homoeocarpa impossible (Carbone and Kohn, 1993).  Despite evidence that S. 
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homoeocarpa is incorrectly classified, the current nomenclature will remain intact until 
definitive evidence is unearthed.    
 
Fungicide Resistance to Sclerotinia homoeocarpa 
 Fungicide resistance in S. homoeocarpa was first reported 41 years ago to 
cadmium and mercury-based fungicides (Cole et al., 1968; Massie et al., 1968).  
Resistance to the benzimidazole class was reported by Warren et al. and was 
distinguished by a loss in fungicide efficacy and reduced in vitro sensitivity to benomyl 
(Warren et al., 1974).  Detweiler et al. first reported resistance to the dicarboximide class 
and has since been reported by Jo et al. in the Ohio region (Detweiler et al., 1983; Jo et 
al., 2006).  Resistance to the DMI class was first reported by Golembiewski et al. and has 
been the most extensively studied class of fungicides in S. homoeocarpa (Burpee, 1997; 
Gilstrap et al., 1997; Golembiewski et al., 1995; Hsiang et al., 1997; Hsiang et al., 2007; 
Jo et al., 2006 and 2008; Koch et al., 2009; Miller et al., 2002).  Fungicide resistance to 
the DMI class is a severe problem, because there are currently seven different DMI active 
ingredients (fenarimol, metconazole, myclobutanil, propiconazole, tebuconazole, 
triadimefon and triticonazole) registered for turfgrass and approximately 21 different 
fungicide formulations that include at least one DMI active ingredient (Jung et al., 2008). 
 Prior research has focused on in vitro fungicide sensitivity screening, 
field/greenhouse trials to examine loss in fungicide efficacy and population monitoring 
for increased DMI resistance.  Golembiewski et al. found that three golf courses with 
anecdotal DMI resistance exhibited higher relative growth (RG) values and cross-
resistance to fenarimol, propiconazole and triadimefon, whereas three golf courses that 
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had not previously been exposed to DMI fungicides expressed RG values that were five 
to eight times lower than the exposed populations (Golembiewski et al., 1995).  
Golembiewski et al. also reported decreased DMI efficacy during a field trial of a S. 
homoeocarpa population that was previously exposed to DMI fungicides (Golembiewski 
et al., 1995).  Lack of DMI fungicide efficacy documented by Golembiewski et al. 
provides evidence that in vitro sensitivity is an accurate method to measure and detect 
reduced DMI field efficacy.  
Gilstrap et al. conducted a field trial to evaluate shifts in DMI sensitivity among 
fungicide regimes that consisted of different DMI fungicides applied alone, DMI tank-
mixed with non-DMI, DMI alternated with non-DMI, iprodione and chlorothalonil 
(Gilstrap et al., 1997).  Gilstrap et al. reported a negative linear correlation between 
increased RG on triadimefon-amended medium following all treatments that included 
DMI fungicides and chlorothalonil (Gilstrap et al., 1997).  These results suggest that DMI 
fungicide application decreased S. homoeocarpa population sensitivity to triadimefon, 
and that cross-contamination of DMI insensitive isolates may have occurred in plots 
treated with chlorothalonil.   Gilstrap et al. also suggested employing buffer strips to 
reduce the likelihood of isolate cross-contamination between plots (Gilstrap et al., 1997).   
Jo et al. attempted to associate reduced in vitro fungicide sensitivity of native 
Sclerotinia homoeocarpa populations to reduced propiconazole efficacy (Jo et al., 2006).  
Ten different sites were included in the experiment with varying levels of reduced DMI 
insensitivity; however, despite reduced DMI sensitivity, propiconazole significantly 
reduced S. homoeocarpa disease severity at all sites.  The duration of the experiment 
(early June to late July) and rating system may not have portrayed disease severity in the 
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most critical sense.  Putman et al. recently used 5 infection centers as the benchmark for 
acceptable disease suppression, whereas Jo et al. considered 20 infection centers 
equivalent to 1% disease severity (Jo et al., 2006; Putman et al., 2008).  Practical field 
standards for control of S. homoeocarpa would most likely consider 20 infection centers 
per 1 m
2
 unacceptable; however, there is no official standard for acceptable S. 
homoeocarpa severity.  S. homoeocarpa disease severity assessment is highly debatable; 
therefore, comparison of infection centers to an industry standard fungicide such as 
chlorothalonil may serve as an improved method to compare disease severity.     
 Jo et al. also evaluated the effect of DMI fungicide application on S. 
homoeocarpa population sensitivity (Jo et al., 2008).  The results suggested that S. 
homoeocarpa populations with decreased DMI sensitivity were more prone to further 
decreasing DMI sensitivity; whereas, the DMI sensitive population in the study remained 
unchanged (Jo et al., 2008).  The difference in S. homoeocarpa population shifts may be 
a result of the sensitive population requiring increased selection pressure (more DMI 
applications) to drive the population towards decreased DMI sensitivity.   
 Hsiang et al. conducted the first extensive baseline sensitivity and cross-resistance 
study to DMI fungicides in turfgrass (Hsiang et al., 1996).  Isolates in this study were 
collected from eight different golf course populations just prior to registration of DMI 
fungicides in Canada, and the EC50’s (effective concentration required to inhibit 50% of 
mycelial growth) of fenarimol, myclobutanil, propiconazole and tebuconazole were 
assayed.  The results from the baseline EC50 assay revealed that seven of the eight 
populations showed comparable mean EC50 values to the unexposed populations that 
were assayed by Golembiewski et al. (Golembiewski et al., 1995).  One population 
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showed significantly higher mean EC50 values to fenarimol, myclobutanil and 
propiconazole than the other seven populations, suggesting prior DMI exposure (Hsiang 
et al., 1997).  Hsiang et al. reevaluated seven of the eight previous populations and two 
new populations ten years later to assess shifts in DMI sensitivity from myclobutanil and 
propiconazole application (only myclobutanil and propiconazole were labeled for 
turfgrass in Canada) (Hsiang et al., 2007).  There was a significant reduction in 
propiconazole sensitivity by populations that were exposed to DMI applications between 
the two studies, whereas, populations that received little or no DMI applications remained 
highly sensitive to propiconazole (Hsiang et al., 2007).  These data indicate a clear 
correlation between reduced DMI sensitivity and the frequency of DMI applications. 
 Burpee examined the effects of propiconazole application to a putting green 
inoculated with one DMI sensitive isolate and one DMI insensitive isolate (Burpee, 
1997).  Burpee evaluated the time it took to reach 5% disease severity following 
propiconazole application for each isolate.  The residual control efficiency of 
propiconazole lasted approximately twice longer on the sensitive isolate when applied at 
0.8 kg a.i. ha
-1
 than the insensitive isolate (Burpee, 1997).  Miller et al. conducted a 
greenhouse study and found that propiconazole efficacy was inversely proportional to in 
vitro fungicide sensitivity (Miller et al., 2002).  Burpee and Miller et al. reaffirm that 
reduction in propiconazole efficacy is directly related to S. homoeocarpa sensitivity; 
however, these results were obtained under inoculated conditions and may not fully 
represent the response of a heterogeneous S. homoeocarpa population under field 
conditions (Burpee, 1997; Miller et al., 2002). 
 The first report of DMI insensitivity by Golembiewski et al. was confirmed by 
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various reports across the United States through DMI sensitivity monitoring studies 
(Golembiewski et al., 1995).  Brownback and Latin reported that isolates with decreased 
in vitro propiconazole sensitivity correlated to sites with reduced fungicide efficacy 
(Brownback and Latin, 2002).  Miller et al. reported that mean EC50 values of two 
previously exposed S. homoeocarpa populations revealed significantly reduced 
sensitivity to fenarimol, myclobutanil and propiconazole when compared to four 
previously unexposed S. homoeocarpa populations (Miller et al., 2002).   Jo et al. 
reported that 18 out of 55 golf courses in Ohio showed a significant reduction in 
propiconazole sensitivity and that a discriminatory concentration of 0.1 µg a.i. ml
-1 
of 
propiconazole is adequate for screening large numbers of isolates to accurately assess 
DMI sensitivity (Jo et al., 2006).  Bishop et al. also reported reduced DMI fungicide 
sensitivity in Northern Mississippi and Tennessee during a fungicide resistance 
monitoring study (Bishop et al., 2008).  Koch et al. reported reduced DMI sensitivity in 5 
of 7 golf courses sampled in Wisconsin and Massachusetts (Koch et al., 2009).  Koch et 
al. also reported that different golf course areas (putting green vs. fairway vs. rough area) 
showed significantly different in vitro sensitivities among the different areas (Koch et al., 
2009).  This result is due in part to the respective golf course areas having different 
disease tolerances and different fungicide selection pressures being exerted.  Koch et al. 
also proposed that 40% RG (on propiconazole amended media at the concentration of 0.1 
µg a.i. ml
-1
) might serve as a threshold for decreased field efficacy in the field setting 
(Koch et al., 2009).  Four of the seven sites reported shortened control intervals, 
increased application rate needed for control, and unexpected S. homoeocarpa 
breakthrough during high disease pressure (Koch et al., 2009).  Consequently, all four 
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sites contained mean RG values of over 40% on the areas that decreased control with 
DMI fungicides was reported (Koch et al., 2009).  Most recently, Putman et al. reported 
that DMI insensitivity is prevalent in the New England region and that the correlation 
between in vitro DMI sensitivity and field efficacy remains unclear (Putman et al., 2010).   
The aforementioned studies all indicate that establishing the association between 
DMI in vitro sensitivity and field efficacy is essential for improving resistance 
management strategies.  However, previous studies have relied on inoculated field plots 
or greenhouse experiments with individual isolates, therefore, preventing analysis of 
heterogeneous S. homoeocarpa populations that are more likely to exist in field 
conditions (Burpee, 1997; Miller et al., 2002).  In summary, determining the association 
between in vitro fungicide sensitivity and field efficacy among native S. homoeocarpa 
populations is needed to better understand reduced field efficacy among S. homoeocarpa 
populations.  
Objectives 
The objectives of this research are (i) to determine the association between in 
vitro propiconazole sensitivity and reduced field efficacy for five native Sclerotinia 
homoeocarpa populations and (ii) to develop a qualitative in vitro sensitivity assay for 
detection of Sclerotinia homoeocarpa isolates responsible for practical field resistance.   
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CHAPTER 2 
 THE ASSOCIATION BETWEEN IN VITRO PROPICONAZOLE SENSITIVITY 
AND FIELD EFFICACY OF DIVERSE SCLEROTINIA HOMOEOCARPA 
POPULATIONS 
 
Abstract 
 Dollar spot (Sclerotinia homoeocarpa) is a major turfgrass disease requiring 
fungicide application to maintain acceptable conditions for golf.  The objective of this 
study was to determine the association between in vitro propiconazole sensitivity and 
practical field resistance to propiconazole for S. homoeocarpa populations with differing 
in vitro sensitivities.  A two-year field efficacy experiment was conducted with the 
following treatments: untreated, propiconazole (0.44, 0.88, 1.28 and 1.76 kg a.i. ha
-1
) and 
chlorothalonil (8.18 kg a.i. ha
-1
) at five locations.  One location (JTRF) had no prior DMI 
exposure and served as the baseline population.  Four locations (HGC, HRCC, SMCC 
and WBGC) with prior DMI exposure were also included to test for practical DMI field 
resistance.  A total of 5,745 S. homoeocarpa isolates were sampled from infection centers 
in 2009 and 2010 at four time points: initial (before application), 7 days after treatment 
(DAT), 14-DAT (2009 only) and approximately 21-DAT (final sample).  Relative 
mycelium growth percentage (RMG%) on the propiconazole discriminatory 
concentration of 0.1 µg a.i. ml
-1
 was calculated for all five populations to determine 
differences in propiconazole sensitivity.  Isolates obtained 7-DAT and 14-DAT were 
considered field resistant, since propiconazole is labeled to control S. homoeocarpa for a 
minimum of 14 days.  The four populations with prior DMI exposure were significantly 
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different than the baseline population in both years.  Overall, propiconazole field efficacy 
was highest at JTRF and S. homoeocarpa infection centers were not observed 7-DAT or 
14-DAT.  S. homoeocarpa infection centers were routinely observed 7-DAT and 14-DAT 
at HGC, HRCC, SMCC and WBGC throughout both years of field efficacy testing, 
thereby, confirming practical field resistance.  S. homoeocarpa isolates sampled 7-DAT 
and 14-DAT from propiconazole-treated plots consistently exhibited RMG values above 
50% at HGC, HRCC, SMCC and WBGC.  Therefore, RMG values above 50% indicate 
practical field resistance to propiconazole.  
 
Introduction 
 Dollar spot, caused by the Ascomycete fungus Sclerotinia homoeocarpa F.T. 
Bennett, is a major turfgrass disease that causes significant damage to turfgrass swards 
from May to October on North American golf courses (Couch, 1995; Smiley et al 2005; 
Walsh, 1999).  Sclerotinia homoeocarpa has a wide host range of cool and warm season 
grasses, but is of most significance on annual bluegrass (Poa annua L.) and creeping 
bentgrass (Agrostis stolonifera L. syn = A. palustris Huds), which constitute a large 
portion of finely managed turfgrass found on golf course fairways, putting greens and tee 
boxes (Couch, 1995; Smiley et al. 2005; Walsh, 1999).  Turfgrass infection symptoms 
begin with individual leaf blades, which exhibit water soaked lesions and progress to 
straw or bleach colored hourglass shaped lesions marked by a tan to reddish brown 
border (Smiley et al., 2005).  With the exception of coarse textured turfgrass leaves, 
lesions will enlarge and extend across the entire leaf blade, and on to multiple plants, 
causing a blighted appearance (Smiley et al., 2005).  The coalescence of multiple leaf 
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blades from multiple plants in an infection center results in small, sunken patches of 
blighted turf (Smiley et al., 2005).  This pitting damage is a trademark of S. homoeocarpa 
infection, and severely reduces the aesthetic quality and playability of golf course turf 
swards. 
Cultural practices often do not provide adequate S. homoeocarpa control and 
multiple fungicide applications are made each year to maintain acceptable turf quality 
(Smiley et al 2005; Walsh et al., 1999).  Frequent fungicide applications on golf courses 
has led to the selection of S. homoeocarpa isolates resistant to benzimidazole, and 
insensitive to dicarboximide and sterol demethylation inhibitor (DMI) fungicide classes 
(Cole et al., 1968; Detweiler et al., 1983; and Golembiewski et al., 1995).  Previous 
regional monitoring studies from across the United States have confirmed resistance and 
reduced sensitivity to the aforementioned fungicide classes (Bishop et al. 2008; 
Brownback and Latin 2002; Golembiewski et al. 1995; Hsiang et al., 2007; Jo et al. 2006; 
Koch et al. 2009; Miller et al. 2002; and Tredway 2005).  Putman et al. recently 
confirmed resistance and decreased in vitro sensitivity to S. homoeocarpa isolates 
collected from golf courses in the northeastern United States to the benzimidazole, 
dicarboximide and DMI classes (Putman et al., 2010).  Confirmation of DMI insensitivity 
in the Northeast is of great concern because, DMI fungicides are an important component 
of fungicide programs used to control S. homoeocarpa on golf course fairways and tee 
boxes.  Golf course fairways and tee boxes consist of considerable acreage 
(approximately 30-40 acres per 18 holes), therefore broad-spectrum systemic fungicides 
such as the DMIs are the preferred control option, because they provide longer control 
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intervals than contact fungicides and allow turfgrass managers to reduce fungicide 
applications.  
DMI fungicides prevent the cytochrome P-450 monoxygenase enzyme 14"-
demethylase from catalyzing the demethylation of lanosterol, which in turn disrupts the 
sterol biosynthesis pathway and leads to decreased production of ergosterol, which is an 
essential component of fungal cell membranes (Koller and Scheinpflug, 1987).  
Mechanisms of DMI insensitivity among various fungi have been reported to require 
increased expression of either the CYP51A gene (which encodes 14" demethylase) or 
efflux transporter genes (Hamamoto et al., 2000; Hayashi et al., 2002; Luo and Schnabel, 
2008; Ma et al., 2006; Ma and Michailides, 2005).  Ma and Tredway recently reported 
that the CYP51A gene was not responsible for reduced sensitivity in S. homoeocarpa, 
therefore suggesting that efflux transporter genes may play a role in reduced DMI 
sensitivity (Ma and Tredway, 2010).  Since the mechanism of DMI insensitivity remains 
unclear in S. homoeocarpa, in vitro fungicide sensitivity assays that measure relative 
mycelium growth are used to monitor DMI insensitivity. 
DMI insensitivity in S. homoeocarpa has been associated with populations 
exhibiting increased relative mycelium growth (RMG) values (Golembiewski et al., 
1995).  However, the association between RMG values and the sensitivity of isolates 
causing practical field resistance still remains unclear in turfgrass.  Köller et al. defined 
practical DMI field resistance by comparing isolates from a baseline Venturia inaequalis 
population to two populations with reported DMI insensitivity to quantify the in vitro 
threshold for determining practical field resistance to DMI fungicides with a 
discriminatory concentration (Köller et al., 1997).  Koch et al. reported the ability to 
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detect differences in DMI sensitivity in populations using the discriminatory 
concentration 0.1 µg a.i. ml
-1 
propiconazole and suggested that further research detailing 
the relationship between in vitro sensitivity and practical resistance is needed (Koch et 
al., 2009).  Since the 0.1 µg a.i. ml
-1 
propiconazole discriminatory concentration was 
capable of detecting differences in DMI sensitivity among S. homoeocarpa populations, 
this discriminatory concentration is suitable for examining the association between in 
vitro sensitivity and practical propiconazole field resistance.  Moreover, detection of 
propiconazole field resistant isolates is of paramount importance, because there are 
currently seven different DMI active ingredients registered for use on turfgrass, and 
cross-resistance has been confirmed among seven DMI active ingredients (fenarimol, 
metconazole, myclobutanil, propiconazole, tebuconazole, triadimefon and triticonazole) 
(Ok et al., 2011).   
Practical DMI field resistance in turfgrass is generally regarded as the appearance 
of S. homoeocarpa infection centers less than 14 days after application of any DMI 
fungicide properly applied at the label rate (Putman et al., 2010).  Therefore, we wanted 
to recover isolates from infection centers within 14 days of DMI application in order to 
determine the sensitivity of those isolates causing reduced efficacy.  The objectives of 
this study were to: (i) conduct propiconazole field efficacy testing on five diverse S. 
homoeocarpa populations (one baseline population and four exposed populations) to 
determine practical field resistance; (ii) quantify in vitro propiconazole sensitivity of five 
diverse S. homoeocarpa populations before and after propiconazole application; and (iii) 
determine the association between in vitro propiconazole sensitivity and reduced field 
efficacy. 
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Materials and Methods 
Site Selection and Field Efficacy Experimental Design 
 Four golf courses and one University research facility from Connecticut and 
Massachusetts were chosen to examine the association between propiconazole in vitro 
sensitivity and propiconazole field efficacy.  The five sites selected represented a range of 
ages and five-year DMI fungicide histories.  The Joseph Troll Turf Research Facility 
(JTRF) has had minimal DMI fungicide exposure and represented the baseline 
population.  The respective five-year DMI application histories of Hartford Golf Club 
(HGC), Hickory Ridge Country Club (HRCC), Shuttle Meadow Country Club (SMCC) 
and Wintonbury Golf Club (WBGC) are listed in Table 2.1.  All five sites consisted of a 
mixture of annual bluegrass and creeping bentgrass and were mowed at a typical fairway 
height of approximately 1.3 cm. 
Experimental plots were set up in a randomized-complete-block design with four 
replications.  Individual plot size measured 0.91 x 1.83 m with 0.31 m buffer strips 
between each plot for HRCC and JTRF.  Buffer strips (0.31 m) were not included in the 
plot design at HGC, SMCC and WBGC due to plot size restrictions.  The following 
treatments were applied at all sites: propiconazole (Banner MAXX 1.3EC, Syngenta 
Crop Protection, Greensboro, NC) applied at 0.44, 0.88, 1.28 and 1.76 kg a.i. ha
-1
, 
chlorothalonil (Daconil Ultrex 82.5WDG, Syngenta Crop Protection, Greensboro, NC) 
applied at 8.18 kg a.i. ha
-1
 and an untreated control.  The 0.44 and 0.88 kg a.i. ha
-1
 
propiconazole rates represent the low and high label rates.  The multi-site fungicide 
chlorothalonil was included because fungicide resistance has not been reported to this 
active ingredient.  Since chlorothalonil is a contact fungicide, the suggested curative 
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application interval is 14 days; therefore, some level of disease was expected 14 days 
after treatment (DAT).  Applications were made on 14 and 21-day intervals for all the 
treatments at HRCC and JTRF and 21-day intervals for HGC, SMCC and WBGC.  
Fungicide applications were applied at a nozzle pressure of 275.8 kPa using a CO2 
pressurized boom sprayer equipped with two XR Teejet 8004VS nozzles.  All fungicides 
were agitated by hand and applied at the equivalent of 81.5 ml m
-2
.  Disease severity 
ratings were taken approximately every 7 days by counting individual S. homoeocarpa 
infection centers per plot, beginning on the date of the first fungicide application until 21 
days after the last fungicide application was made.  Due to differences in disease 
pressure, field efficacy testing began at differing dates among locations and is listed in 
Tables 4-8 for the respective locations.  The area under the disease progress curve 
(AUDPC) was calculated for the infection centers for each location for both years using 
the formula # {[(yi + yi +1)/2](ti +1 - ti)}, where i = 1, 2, 3, …, n – 1, yi is the amount of 
disease (infection centers) at the time ti (in days) of the i-
th
 rating (Campbell and Madden, 
1990).  AUDPC values were adjusted to relative control (RC%) percentage with the 
following formula: [(untreated-fungicide treatment)/untreated]*100 = RC%.  Relative 
control % data were analyzed to determine the effect of location and fungicide treatment 
for each year using analysis of variance in PROC GLM (SAS v. 9.1.3, SAS Institute, 
Cary, NC).  The location*treatment interaction was of most interest and was sliced by 
treatment.  If significant differences existed among locations within treatment, Tukey’s 
HSD test was used for RC% mean separation (P = 0.05).  
Sclerotinia homoeocarpa infection center data for individual rating dates were 
analyzed for each location and year using PROC GLM.  Infection center data from 
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HRCC and JTRF were analyzed to determine the statistical significance of the main 
effects treatment and interval on S. homoeocarpa infection centers for both locations on 
all rating dates (PROC GLM).  In both 2009 and 2010, significant differences were 
observed on some dates for interval and the treatment*interval interaction.  Since the 14-
day application interval was not applied at HGC, SMCC and WBGC, the interval and 
treatment*interval interaction data are presented in the appendix for reference and will 
not be discussed in Chapter 2.  Only the 21-day interval treatment data will be presented 
and discussed here.  Tukey’s HSD test was utilized for mean separation (P = 0.05) on all 
locations for S. homoeocarpa infection center data.  Sclerotinia homoeocarpa infection 
center data were transformed using a log +1 transformation before analyses, but actual 
infection center means are shown in all tables.  
 
Isolate Collection and In Vitro Propiconazole Sensitivity 
An initial sampling was conducted when sufficient S. homoeocarpa infection 
centers (greater than ten infections per plot) were observed in 2009 and 2010.  Ten 
samples were taken from different individual S. homoeocarpa infection centers in each 
treatment plot by selecting individual grass blades that showed symptomatic infection 
(bleached hourglass lesions).  Sample collection was made prior to the first fungicide 
treatment, 7-DAT (once per year), 14-DAT (once in 2009) and approximately 21 days 
after the final fungicide treatment in 2009 and 2010.  Samples collected 7-DAT and 14-
DAT were only made from active S. homoeocarpa infection centers (active mycelia or 
recently developed lesions).  Sampling was not conducted 7-DAT or 14-DAT at JTRF 
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due to the absence of S. homoeocarpa infection centers on all propiconazole treated plots 
in 2009 and 2010.  
Fungal isolation followed the procedures described in Jo et al. (Jo et al., 2006).  In 
brief, symptomatic leaf blades were individually sampled from S. homoeocarpa infection 
centers and stored in 1.5 ml polypropylene micro centrifuge tubes until isolation (within 
24 hours).  Acidified potato dextrose agar (APDA) was prepared by adding 1 ml of 85% 
lactic acid (Fisher Scientific, Fair Lawn, NJ) per 1 liter of full strength potato dextrose 
agar (PDA) (Difco Laboratories, Detroit, MI) after PDA was sterilized for 45 minutes at 
121°C in an autoclave (Tuttnauer 3850 M, Hauppauge, NY).  APDA was poured into 60 
x 15 mm Petri plates (Krackler Scientific, INC. Albany, NY), allowed to solidify and 
stored at 2°C.  After sample collection, individual leaf blades were surface sterilized for 1 
min in 3% sodium hypochlorite solution, rinsed for 1 min once in sterile de-ionized 
water, air dried on sterile filter paper and then placed on APDA Petri plates.  Petri plates 
were then stored at 25°C for 2 to 3 days.  Following incubation, S. homoeocarpa isolates 
were identified based on colony morphology and compared to known reference isolates.  
Pure cultures of S. homoeocarpa were obtained by sub-culturing 3mm plugs of APDA 
media onto to PDA and stored at 25°C.  
 In vitro fungicide sensitivity assays were conducted after S. homoeocarpa 
samples had grown in pure culture for 2 to 3 days.  Propiconazole amended PDA was 
prepared by performing a serial dilution of commercial grade propiconazole in sterile de-
ionized water (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and 
the final concentration in PDA was 0.1 µg a.i. ml
-1 
(Jo et al., 2006).  Five mm agar discs 
were transferred from actively growing mycelia of the pure S. homoeocarpa cultures to 
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the center PDA Petri plates amended with the propiconazole discriminatory concentration 
(0.1 µg a.i. ml
-1
) and non-amended PDA Petri plates using a sterile 5-mm cork borer.  
Petri plates were kept for 48 hours at 25°C.  Sclerotinia homoeocarpa isolates were 
replicated twice on propiconazole-amended PDA and non-amended PDA Petri plates.  
Forty-eight hours after transfer, three radial points approximately 120° apart on the 
circumference of actively growing S. homoeocarpa colonies were measured from the 
edge of the transferred agar plug using digital calipers (Mahr 16EX, Göttingen, 
Germany).  The average radial growth on propiconazole-amended PDA was divided by 
the average non-amended radial growth and multiplied by 100 to give the relative 
mycelial growth percentage (RMG%). 
Analysis of variance was conducted on RMG% for the main effect of location for 
all sample times that included the baseline location JTRF.  Dunnett’s one tailed t-test was 
used to determine if locations with prior DMI exposure significantly differed from JTRF 
in RMG%.  Histograms were also constructed to illustrate differences in RMG% 
distribution among the five locations. 
To determine the reproducibility of in vitro sensitivity testing, RMG% was 
calculated using the propiconazole discriminatory concentration 0.1 µg ml
-1
 for five 
isolates (one from each location) and repeated five times.  A new stock solution was 
prepared for each repeat of the assay.  Analysis of variance was used to determine 
differences in RMG% for each isolate for the main effect stock solution.  The mean 
RMG%, coefficient of variance, and 95% confidence interval were calculated for each 
isolate based on the five replicated assays.  
 
 30 
In vitro Determination of Isolates Exhibiting “Practical Field Resistance”  
RMG% distributions for isolates from HGC, HRCC, SMCC and WBGC revealed 
that 50% RMG was strongly associated with reduced propiconazole efficacy, therefore, 
isolates exhibiting 50% RMG or greater were considered to exhibit practical field 
resistance to propiconazole.  In addition, HGC and HRCC populations represented non-
normal distributions due to a bimodal RMG% distribution, which consisted of two 
subpopulations of isolates: one with less than 50% RMG and the other with greater than 
50% RMG.  Therefore, chi-square tests (2x2) were conducted to determine significant 
differences in the frequency of field resistant isolates (> 50% RMG) among sample dates.  
RMG% data from 7-DAT, 14-DAT and final sample dates were compared to the initial 
sample date to determine if the frequency of field resistant isolates increased as a result of 
fungicide treatment.  The frequency of propiconazole resistant isolates was analyzed for 
the overall population as well as individual treatments for HGC and HRCC using chi-
square tests.  For individual treatment analysis, treatments sampled after the initial 
sample date (7-DAT, 14-DAT and final) were compared to the frequency of isolates with 
practical field resistance to propiconazole in the initial sample to determine significant 
shifts for each respective treatment.  The locations JTRF, SMCC and WBGC represented 
unimodal populations that were either distributed above or below the 50% RMG 
threshold.  Therefore, the main effect of treatment was analyzed within each location to 
determine if treatment had a significant effect on RMG% for each sample time within 
each unimodal population.  
 
Results 
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2009 Field Efficacy Testing  
 The early summer months were unusually cool and wet and S. homoeocarpa 
incidence was lower in June and July than in previous years.  Conditions were more 
favorable in August resulting in higher disease pressure, consequently higher disease 
incidence was observed among all locations.  As a result of low disease pressure in 
June/July, adequate initial sample collection was not possible until 31 July at HRCC.  
Analysis of variance determined that relative control percentage (RC%) was 
significantly different for the main effects location, treatment and location*treatment 
interaction in 2009 (Table 2.2).  The location*treatment interaction sliced by treatment 
determined significant differences in RC% among location for all propiconazole 
treatments (0.44, 0.88, 1.28 and 1.76 kg a.i. ha
-1
), but not chlorothalonil (8.18 kg a.i. ha
-
1
).  Significantly higher mean RC% was observed at JTRF (95.4%) within the 0.44 kg a.i. 
ha
-1
 propiconazole rate.  Among the four exposed populations, mean RC% for HRCC 
(75.2 %) was significantly higher than HGC (52.8 %), but not SMCC (64.3 %) and 
WBGC (66.6 %) (Table 2.3).  Relative Control % results were similar within the 0.88 kg 
a.i. ha
-1
 propiconazole rate and RC% observed at JTRF (97.5 %) was significantly higher 
than HGC (68.0%), HRCC (80.1 %) and WBGC (74.2 %), but not SMCC (87.4 %) 
(Table 2.3).  The 0.44 and 0.88 kg a.i. ha
-1
 propiconazole treatments represent the low 
and high label rate of propiconazole; therefore, significant reductions in field efficacy 
among the four exposed locations represent practical DMI field resistance.  Within the 
1.28 propiconazole rate, JTRF (97.6 %) and SMCC (92.7 %) sites were similar.  Within 
the 1.76 kg a.i. ha
-1
 propiconazole rate, HRCC, JTRF, SMCC and WBGC were all 
similar, however, HGC RC% was significantly lower at both rates (Table 2.3).  In 
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general, the 2009 RC% data analysis summarizes the general trend that the four locations 
with prior DMI exposure suffered reduced efficacy when compared to the baseline 
location (JTRF).  
Overall, fungicide treatments significantly reduced S. homoeocarpa infection 
centers compared to untreated controls at all locations in 2009.  The level of control (or 
amount of S. homoeocarpa infection centers observed within locations) differed among 
locations.  Due to the fact that field efficacy testing began at different dates for all 
locations, individual rating dates among locations were not compared.  
Analysis of variance at JTRF determined that the main effect treatment was 
significant on 12 out of 13 rating dates in 2009 (Table 2.4).  All propiconazole treatments 
provided a high level of field efficacy (less than 5 infection centers) on most rating dates 
at JTRF (Table 2.4).  Chlorothalonil provided a high level (less than 5 infection centers) 
on most dates with exception of 6, 13 and 25 August rating dates (Table 2.4).  Reduced 
chlorothalonil efficacy occurred at the end of application intervals and was expected 
since chlorothalonil is a contact fungicide that remains on the exterior of grass blades. 
Overall, rates of propiconazole provided a high level of control (less than 5 infections 
centers) on most rating dates and S. homoeocarpa infection centers were not observed 7- 
or 14-DAT.  Furthermore, observations of field efficacy agreed with the labeled control 
intervals (minimum of 14 days control) and indicated that practical resistance to 
propiconazole was not present at JTRF. 
Analysis of variance at HRCC determined that the main effect treatment was 
significant on 5 out of the 7 rating dates (Table 2.5).  Propiconazole and chlorothalonil 
provided increased suppression over the untreated plots; however, neither fungicide 
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provided complete control at HRCC (Table 2.5).  A dose response was observed among 
propiconazole rates within the last 4 weeks of the trial (Table 2.5).  Although all 
propiconazole treatments significantly reduced S. homoeocarpa infection centers, 
infection centers were observed 7- and 14-DAT in most propiconazole treatments.  
Despite low numbers of S. homoeocarpa infection centers (less than 15), this observation 
indicates a reduction in field efficacy in comparison to the results observed at JTRF. 
Analysis of variance at HGC determined that the main effect treatment was 
significant on 9 out of 10 rating dates (Table 2.6).  Chlorothalonil and propiconazole 
provided increased suppression over untreated plots, however, disease severity was very 
high throughout the trial at HGC and S. homoeocarpa infection centers were present on 
all fungicide treatments (Table 2.6).  Among propiconazole treatments, a dose response 
was observed with the highest S. homoeocarpa infection centers observed following the 
0.44 kg a.i. ha
-1
 treatment and the lowest S. homoeocarpa infection centers observed 
following the 1.76 kg a.i. ha
-1
 treatment.  S. homoeocarpa infection centers were 
observed on all 7- and 14-DAT ratings and strongly indicate practical resistance to 
propiconazole at HGC.   
Analysis of variance at SMCC determined the main effect treatment was 
significant on 9 out of the 10 rating dates (Table 2.7).  Chlorothalonil and propiconazole 
provided greater suppression over untreated plots, however propiconazole efficacy 
reductions were apparent in the 0.44 and 0.88 kg a.i. ha
-1
 treatments on all rating dates.  A 
dose response was also present in propiconazole treatments at SMCC, however, S. 
homoeocarpa infection centers were not observed 7- or 14-DAT on the 1.28 and 1.76 kg 
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a.i. ha
-1
 treatments.  SMCC field efficacy results indicate practical resistance to 
propiconazole, however the level of resistance may be less severe. 
Analysis of variance at WBGC determined the main effect treatment was 
significant on 12 out of the 13 rating dates (Table 2.8).  Chlorothalonil and propiconazole 
provided a significant reduction in S. homoeocarpa infection centers over untreated plots 
(Table 2.8).  A dose response was observed among propiconazole treatments with the 
highest S. homoeocarpa infection center averages on the 0.44 kg a.i. ha
-1
 treatment and 
lowest S. homoeocarpa infection center averages on the 1.76 kg a.i. ha
-1
 treatment (Table 
2.8).  S. homoeocarpa infection centers were observed on all propiconazole treatments 7-
DAT and 14-DAT on all rating dates, thus indicating practical resistance to 
propiconazole. 
 
Assay Reproducibility 
 For the five isolates examined, the main effect stock solution was not significantly 
different for any isolate.  Coefficients of variance for each isolate ranged from 8.09-
10.27% for all isolates (Table 2.9).  The mean of coefficients of variance for all isolates 
assayed was 10.44 % (Table 2.9).  The 95% confidence intervals ranged from 91 to 109% 
of the RMG values for individual isolates.  Results indicate the assay is reproducible with 
a high level of consistency.  
 
2009 In Vitro Propiconazole Sensitivity  
 Analysis of variance determined that the main effect location was significantly 
different (P < 0.001) on the initial sample date.  A histogram was constructed for the 
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initial sample date (Figure 2.1) to illustrate differences in S. homoeocarpa population 
distribution among locations.  Dunnett’s one tailed t-test determined that HGC, HRCC, 
SMCC and WBGC overall RMG% were significantly greater than overall RMG% values 
from at JTRF (Table 2.10).  HGC and HRCC displayed bimodal population distributions 
in which sensitive subpopulations (similar to JTRF in distribution) and insensitive 
subpopulations coexisted.  SMCC and WBGC displayed unimodal population 
distributions.  The initial population distribution shows that HGC, HRCC, SMCC and 
WBGC all contain isolates with RMG values greater 50% (Figure 2.1).  Furthermore, 
RMG% distributions clearly illustrate that all four locations with prior DMI exposure are 
less sensitive than the baseline population.  
 Isolates were collected from HGC, HRCC, SMCC and WBGC 7-DAT, but not 
JTRF.  S. homoeocarpa infection centers were not observed within propiconazole-treated 
plots at JTRF during field efficacy testing 7-DAT.  The observation of S. homoeocarpa 
infection centers 7-DAT and ability to sample from infection centers allows for the 
quantification of isolates causing practical propiconazole field resistance.  Population 
distributions of HGC, HRCC, SMCC and WBGC are shown in Figure 2.2 and illustrate 
that most isolates sampled are above 50% RMG.  Stacked histograms were constructed 
for the bimodal populations of HGC (Figure 2.5) and HRCC (Figure 2.6) to illustrate the 
greater distribution of propiconazole sensitive isolates (< 50% RMG) within the untreated 
and chlorothalonil treatments in comparison to all propiconazole treatments.  Chi-square 
tests (2x2) determined the frequency of propiconazole field-resistant isolates at HGC was 
significantly different 7-DAT (P < 0.001) (Table 2.11).  The frequency of isolates 
sampled from untreated and chlorothalonil treatments were not significantly different 7-
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DAT from the initial sample date at HGC (Table 2.12).  However, the frequency of field-
resistant isolates sampled from all propiconazole treatments (0.44, 0.88, 1.28 and 1.76 kg 
a.i. ha
-1
) was significantly greater than the initial sample date (Table 2.12).  Chi-square 
tests determined the frequency of field-resistant isolates at HRCC was significantly 
different 7-DAT (P <0.001) (Table 2.11).  Due to low disease severity at HRCC at the 
time of sampling, adequate isolates for chi-square analysis of individual treatment were 
only available from untreated, 0.44 and 0.88 kg a.i. ha
-1
 propiconazole treatments.  The 
frequency of field-resistant isolates sampled 7-DAT from the untreated, 0.44 and 0.88 kg 
a.i. ha
-1
 propiconazole treatments was significantly greater than the initial sample date 
(Table 2.13).  The frequency of field-resistant isolates to propiconazole was 74% for the 
untreated treatment, whereas the 0.44 and 0.88 kg a.i. ha
-1
 propiconazole treatments 
contained 96% and 100% field resistant isolates, respectively.  The chi-square results 
from the 7-DAT sample date from HGC and HRCC indicate that all propiconazole 
treatments were selecting propiconazole-field-resistant isolates at a greater frequency 
than the untreated and chlorothalonil treatments.  On the other hand, RMG% values for 
SMCC and WBGC were not statistically different for the main effect treatment (Table 
2.15 and 2.16).  
 Isolates were sampled from HGC, HRCC, SMCC and WBGC 14-DAT, but not at 
JTRF.  S. homoeocarpa infection centers were not observed within propiconazole treated 
plots at JTRF during field efficacy testing 14-DAT.  Population distributions of HGC, 
HRCC, SMCC and WBGC are shown in Figure 2.3 and illustrate that most isolates 
sampled are above 50% RMG (0.1 µg a.i. ml
-1
 propiconazole discriminatory 
concentration).  Similar to the 7-DAT sample date, stacked histograms constructed for 
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HGC (Figure 2.5) and HRCC (Figure 2.6) illustrate the bimodal population distribution 
observed in untreated and chlorothalonil treatments, whereas isolates from propiconazole 
treatments were unimodal in population distribution.  Chi-square tests determined the 
frequency of field-resistant isolates at HGC and HRCC was significantly different 14-
DAT (P < 0.001) (Table 2.11).  Analysis of individual treatments sampled 14-DAT at 
HGC determined a significantly greater frequency of field-resistant isolates in the 
untreated and all propiconazole treatments, but not chlorothalonil (Table 2.12).  Due to 
low disease severity at HRCC at the 14-DAT time of sampling, adequate isolates for chi-
square analysis of treatment were only available from untreated, 0.44 and 0.88 kg a.i. ha
-1
 
propiconazole treatments.  Similar to the 7-DAT sample date, the frequency of field 
resistant isolates within the untreated, 0.44 and 0.88 kg a.i. ha
-1
 propiconazole treatments 
were significantly greater than their respective initial frequencies (Table 2.13).  
Significant shifts observed in the untreated treatments in both locations may have been 
due to ingress of isolates selected in neighboring plots in which propiconazole was 
applied.  Although, population shifts within treatments were significant, the frequency of 
isolates exhibiting practical field resistance to propiconazole was lower in untreated 
treatments than propiconazole treatments at both locations (Tables 2.12 and 2.13). No 
significant differences in RMG% among treatments were determined for the unimodal 
populations SMCC and WBGC (Tables 2.15 and 2.16).  
Analysis of variance determined that the main effect location was significantly 
different (P < 0.001) for the final sample date.  A histogram was constructed for the final 
sample date (Figure 2.4) to illustrate differences in S. homoeocarpa population 
distribution among locations.  JTRF was the most sensitive population and did not show 
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any shift in sensitivity from the initial sample.  Dunnett’s one tailed t-test determined that 
HGC, HRCC, SMCC and WBGC overall RMG% was significantly greater than overall 
RMG% at JTRF (Table 2.9).  Remnants of the bimodal population structure were 
observed at both HGC and HRCC, however, the frequency of field-resistant isolates 
increased substantially within in each population.  Chi-square tests determined the 
frequency of field-resistant isolates was significantly different (P < 0.001) at the final 
sample for both HGC and HRCC in the overall population (Table 2.11).  Chi-square tests 
of individual treatments at HGC showed that all treatments contained a significantly 
greater frequency field-resistant isolates in the final sample (Table 2.12).  Chi-square 
analysis of individual treatments at HRCC determined that the untreated plot (68% 
resistant) was not significantly different (P < 0.056) than the initial sample (44% 
resistant).  However, chlorothalonil and all propiconazole treatments (0.44, 0.88, 1.28 and 
1.76 kg a.i. ha
-1
) contained a significantly greater frequency of field-resistant isolates in 
the final sample (Table 2.13).  Significant differences for the main effect treatment were 
not observed within the unimodal populations JTRF and WBGC (Tables 2.14 and 2.16).  
The main effect treatment was significantly different at SMCC, however, mean 
separation yielded no significant differences among treatments (Table 2.15).       
 
2010 Field Efficacy Testing 
The 2010 summer months (June-August) were unusually hot and dry.  These 
conditions resulted in lower dollar spot incidence when compared to the 2009 season for 
all locations except HRCC.  In general the same trends were observed among all 
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locations with regards to the proportion of disease on fungicide treatments when 
compared to the untreated. 
Analysis of variance determined that relative control percentage (RC%) was 
significantly different for the main effects location, treatment and the location*treatment 
interaction in 2010 (Table 2.2).  The location*treatment interaction sliced by treatment 
determined significant differences in RC% among location for all treatments 
(chlorothalonil and all propiconazole rates) (Table 2.3).  Relative control % observed at 
JTRF (95.8%) was significantly higher than all locations, except for SMCC (73.5 %) at 
the 0.44 kg a.i. ha
-1
 propiconazole rate (Table 2.3).  Among the four locations with prior 
DMI exposure HRCC RC% (39.5 %) was significantly lower than SMCC (73.5 %), but 
not HGC (48.8 %) or WBGC (54.8 %) (Table 2.3).  Relative control % results within the 
0.88 kg a.i. ha
-1
 propiconazole rate determined that JTRF RC% (96.6 %) was 
significantly higher than HGC (61.4%), HRCC (50.05 %) and WBGC (69.4 %), but not 
SMCC (86.9 %) (Table 2.3).  Relative control % results within the 1.28 kg a.i. ha
-1
 
propiconazole rate revealed that JTRF RC% (97.9 %) was significantly higher than HGC 
(18.9 %) and HRCC (55.1 %), but not SMCC (88.5 %) and WBGC (74.7 %) (Table 2.3).  
Relative control % results within the 1.28 kg a.i. ha
-1
 propiconazole rate determined that 
JTRF RC% was significantly higher than HGC (59.8 %) and HRCC (71.9 %), but not 
SMCC (90.4 %) and WBGC (83.1 %) (Table 2.3).  Relative control % within the 8.18 kg 
a.i. ha
-1
 chlorothalonil rate determined that JTRF RC% (91.0 %) was significantly higher 
than HGC (64.0 %), HRCC (49.8 %) and WBGC (62.4 %), but not SMCC (71.7 %) 
(Table 2.3). Overall, 2010 RC% data analysis summarizes trends in field efficacy 
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observed and reinforces that the four locations with prior DMI exposure exhibited 
differences in reduced field compared to the baseline population. 
Disease severity was relatively low at JTRF for the first two 21-day spray 
intervals; however, higher severity was observed in the last 21 days of the experiment.  
Analysis of variance at JTRF determined that the main effect treatment was significant on 
9 out of 10 rating dates in 2010 (Table 2.4).  All propiconazole rates provided a high 
level of field efficacy (less than 5 infection centers) in 2010 on all rating dates (Table 
2.4).  Chlorothalonil also provided a high level of control (less than 5 infection centers) 
on all rating dates except for 31 August and 21 September, both of which were 21-DAT, 
and some level of disease was expected (Table 2.5).  Overall, all rates of propiconazole 
provided a high level of control (less than five infections centers) on all rating dates in 
2010 and field efficacy observed agreed with labeled control intervals suggested 
(minimum of 14 days control), confirming the absence of practical field resistance to 
propiconazole.   
Analysis of variance at HRCC determined that the main effect treatment was 
significant on 8 out of the 10 rating dates (Table 2.5).  Chlorothalonil and propiconazole 
treatments provided increased suppression over the untreated control; however, neither 
fungicide provided complete control at HRCC (Table 2.5).  Furthermore, the 0.44 kg a.i. 
ha
-1
 propiconazole rate was not significantly different than the untreated on 4 of 8 rating 
dates (Table 2.5).  A pronounced dose response among propiconazole rates was observed, 
with lower infection center incidence associated increased propiconazole rate.  
Sclerotinia homoeocarpa infection centers were present on all propiconazole treatments 
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(all rates) on all rating dates and strongly indicate practical propiconazole field resistance 
at HRCC.  
Analysis of variance at HGC determined that the main effect treatment was 
significant on 3 out of 10 rating dates (Table 2.6).  Considerable disease severity 
variation was observed at HGC on one section of the experimental plot that extended 
across all replications.  This led to disproportionate severity among some treatments, 
especially the 1.28 kg a.i. ha
-1
 rate of propiconazole (Table 2.6).  As a result, the dose 
response in propiconazole field efficacy was not observed due to higher disease severity 
on the 1.28 kg a.i. ha
-1
 propiconazole rate (Table 2.6).  On the 3 dates in which the main 
effect treatment was significant, chlorothalonil and the 1.76 kg a.i. ha
-1
 propiconazole rate 
provided significant suppression when compared to the untreated treatment (Table 2.6).  
However, the 0.44, 0.88 and 1.28 kg a.i. ha
-1
 propiconazole treatments were not 
significantly different than the untreated treatment (Table 2.6).  Similar to the 2009 
results, S. homoeocarpa infection centers were present on all propiconazole treatments 
(all rates) on all rating dates and strongly indicate practical field resistance to 
propiconazole at HGC.  
Analysis of variance at SMCC determined that the main effect treatment was 
significant on 6 out of the 10 rating dates (Table 2.7).  Sclerotinia homoeocarpa severity 
was low throughout the duration of the 2010 trial and chlorothalonil and all 
propiconazole treatments provided increased suppression over the untreated treatment on 
all rating dates (Table 2.7).  Due to low disease severity, the dose response among 
propiconazole rates was not as pronounced as the 2009 trial (Table 2.7).  However, a 
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small reduction in field efficacy (infection 7-DAT and 14-DAT) was observed within 
propiconazole treatments.    
Analysis of variance at WBGC determined that the main effect treatment was 
significant on 8 out of the 10 rating dates (Table 2.8).  Chlorothalonil and all 
propiconazole treatments provided significant suppression of S. homoeocarpa infection 
centers over untreated plots on most rating dates with a few exceptions (Table 2.8).  A 
dose response was observed among propiconazole treatments in the 2010 trial, with lower 
infection center incidence associated increased propiconazole rate.  Moreover, the 
observation of S. homoeocarpa infection centers on all propiconazole treatments 7-DAT 
and 14-DAT on all rating dates indicates practical propiconazole field resistance at 
WBGC. 
 
2010 In Vitro Propiconazole Sensitivity 
Analysis of variance determined that the main effect location was significantly 
different (P < 0.001) for the initial sample date in 2010.  A histogram was constructed for 
the initial sample date (Figure 2.7).  Dunnett’s one tailed t-test determined that HGC, 
HRCC, SMCC and WBGC overall RMG% was significantly greater than overall RMG% 
at JTRF (Table 2.10).  Both HGC and HRCC displayed bimodal distributions, however, 
the 2010 initial sample contained a lower frequency of the sensitive subpopulation than 
the 2009 initial sample (Figure 2.1 and 2.7).  Chi-square tests comparing the frequency of 
propiconazole-field-resistant isolates from the 2010 initial sample to the 2009 initial 
sample date for both HGC and HRCC determined the 2010 initial populations from both 
locations contained a significantly greater (P <0.001) frequency of propiconazole-field-
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resistant isolates (Table 2.11).  Further analysis of HRCC determined the frequency of 
propiconazole-resistant isolates from untreated and chlorothalonil treatments in the 2010 
initial sample to be similar to the 2009 initial frequency for both treatments (Table 2.13).  
This occurred despite significant shifts in the frequency of propiconazole resistant 
isolates in the 2009 final sample, both treatments showed a reduction in propiconazole-
field-resistant isolates in the 2010 initial sample.  The 2010 initial population distribution 
shows that HGC, HRCC, SMCC and WBGC all contained a high frequency of isolates 
with practical field-resistance to propiconazole (> 50% RMG).  
Isolates were sampled from HGC, HRCC, SMCC and WBGC 7-DAT, but not 
JTRF.  Sclerotinia homoeocarpa infection centers were not observed within 
propiconazole treated plots at JTRF during field efficacy testing 7-DAT in 2010.  
Population distributions of HGC, HRCC, SMCC and WBGC are shown in Figure 2.8 and 
illustrate that most isolates sampled are propiconazole-field-resistant (> 50% RMG).  
Similar to 2009, all treatments at SMCC and WBGC were highly homogeneous in terms 
of RMG% (Table 2.15 and 2.16).  Stacked histograms were constructed for HGC (Figure 
2.10) and HRCC (Figure 2.11) to illustrate isolate distribution within the untreated and 
chlorothalonil treatments in comparison to all propiconazole treatments.  Figure 2.10 
shows that the 2010 HGC population has become unimodal in population distribution, 
whereas HRCC has retained the bimodal population distribution, but only in untreated 
and chlorothalonil treatments.  Chi-square tests determined the frequency of field-
resistant isolates from untreated and chlorothalonil treatments sampled 7-DAT from 
HRCC were not significantly different than the 2010 initial sample for the respective 
treatments (Table 2.13).  Moreover, all propiconazole treatments at HRCC contained a 
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high frequency (97-100%) of field-resistant isolates.  All treatments sampled 7-DAT 
from HGC were similar to the 2010 initial sample (Table 2.12).   
Analysis of variance determined that the main effect location was significantly 
different (P < 0.001) for the final sample date in 2010.  A histogram was constructed for 
the final sample date (Figure 2.9).  Dunnett’s one tailed t-test determined that HGC, 
HRCC, SMCC and WBGC overall RMG% was significantly greater than overall RMG% 
at JTRF (Table 2.10).  JTRF was the most sensitive population and was similar in 
population distribution to the 2010 initial sample date.  Similar to 2009, a partially 
bimodal population distribution was observed for both HGC and HRCC (Figure 2.9).  
Also similar to previous sample dates, JTRF, SMCC and WBGC displayed unimodal 
population distributions that did not differ in RMG% among treatment (Table 2.14, 2.15 
and 2.16).  Chi-square tests determined that the frequency of propiconazole-field-resistant 
isolates sampled from the chlorothalonil treatment (83%) at the final sample date was 
significantly different (P = 0.009) than the 2010 initial sample frequency (53%) at 
HRCC, whereas the untreated final sample was not significantly different to the 2010 
initial (Table 2.13).   
 
Association Between In Vitro Propiconazole Sensitivity and Reduced Field Efficacy 
Propiconazole is labeled to control S. homoeocarpa for a minimum of 14 days. 
Therefore, isolates sampled from infection centers 7-DAT and 14-DAT represented 
isolates with practical field resistance to propiconazole that were selected from the initial 
population following propiconazole application.  Moreover, in 2009, the frequency of 
propiconazole-field-resistant isolates sampled from the 7-DAT, 14-DAT and final 
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(approximately 21-DAT) sample dates at HGC, HRCC, SMCC and WBGC ranged from 
96-100% (Table 2.17).  In 2010, the frequency of propiconazole-resistant isolates 
sampled from the 7-DAT and final sample dates ranged from 91-100% for HGC, HRCC, 
SMCC and WBGC (Table 2.17). On the other hand, JTRF was unable to be sampled 7-
DAT or 14-DAT in either year, and only one isolate above 50% RMG was recovered in 
both years.  
 
Discussion 
The results presented here confirm that (i) practical field resistance to 
propiconazole existed within the four locations tested in which DMI fungicides were used 
yearly to control S. homoeocarpa, (ii) the four populations with practical propiconazole 
field resistance were all significantly less sensitive than the baseline population to 
propiconazole in vitro, and (iii) RMG values on the propiconazole discriminatory 
concentration 0.1 µg a.i. ml
-1
 above 50% were strongly associated with isolates of S. 
homoeocarpa causing infection centers 7 and 14 days after propiconazole application.  
The operational definition of practical fungicide resistance states: “isolates of pathogens 
are resistant if their frequencies have increased substantially at sites with poor fungicide 
performance” (Köller et al., 1997).  The population distributions from all sample times 
illustrate a clear shift towards propiconazole insensitivity among the four locations with 
prior DMI exposure.  Furthermore, reduced propiconazole efficacy was observed over a 
2-year field trial at the four locations, in which populations had shifted towards reduced 
propiconazole sensitivity.  
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Previous S. homoeocarpa DMI resistance research in turfgrass has correlated 
reduced in vitro sensitivity to reduced DMI efficacy, however, the association between 
isolates causing practical field resistance and in vitro sensitivity remains unclear.  Burpee 
reported that propiconazole efficacy (0.8 kg a.i. ha
-1
) on a putting green inoculated with 
an insensitive isolate (EC50 0.31 µg ml
-1
) was reduced by approximately 50% when 
compared to treatments that were inoculated with a sensitive isolate (EC50 0.03 µg ml
-1
) 
(Burpee, 1997).  Miller et al. conducted a greenhouse study with isolates that represented 
a broad propiconazole sensitivity range, and reported reduced propiconazole efficacy was 
related to isolates exhibiting higher EC50 values (Miller et al., 2002).  Jo et al. reported 
that fungicide efficacy on propiconazole-treated plots decreased as EC50 values for 
propiconazole increased (Jo et al., 2006).  Despite revealing this relationship, Jo stated: 
“It was impossible to clearly delineate exact cutoff EC50 values for effective versus 
ineffective responses” (Jo et al., 2006).  Moreover, Putman et al. determined reduced 
DMI sensitivity was present in 18 of the 20 populations examined in the New England 
region and reaffirmed that the correlation between in vitro fungicide sensitivity and field 
efficacy remains unclear (Putman et al., 2010).  The results from this study are the first 
determination of a RMG threshold for detecting S. homoeocarpa populations that cause 
practical field resistance.  The high percentage of isolates exhibiting RMG values above 
50% (0.1 µg a.i. ml
-1
 propiconazole discriminatory concentration) sampled from 
propiconazole-treated plots from the four locations that exhibited practical field 
resistance following application (7-DAT, 14-DAT and final sample) supports the use of 
50% RMG on the propiconazole discriminatory concentration 0.1 µg a.i. ml
-1
 as an 
accurate cutoff for detecting practical resistance to propiconazole (Table 2.17).  
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Moreover, repeated observation of this phenomenon over four geographically separated 
locations adds additional merit to 50% RMG serving as an accurate threshold to 
determine practical field resistance to propiconazole.  
The discovery of diverse population distributions (bimodal vs. unimodal) was a 
novel finding that has not been previously reported in DMI resistance literature.  This is 
the first report of bimodal population distributions existing in field conditions, despite 
numerous previous reports of DMI resistant populations exhibiting unimodal population 
distributions (Butters, et al., 1984; Eckert, 1988; Golembiewski et al., 1995; Köller et al., 
1997).  The bimodal population distribution likely developed at HRCC due to the absence 
of DMI fungicide use in the past 3 years.  However, approximately 20 years of DMI 
fungicide use (2-3 applications per year) preceded the discontinued use of DMI 
fungicides at HRCC prior to this experiment (personal communication with 
superintendent).  In contrast, past fungicide application records at HGC indicated 
moderate DMI usage (approximately 2-3 applications per year) with exception of the year 
that preceded field efficacy testing (7 DMI applications).  Both locations were exposed to 
different selection pressures preceding field efficacy testing, however, both populations 
were nearly identical in distribution.  On the other hand, WBGC is a fairly new golf 
course (7 years old) that has been under constant selection pressure since establishment 
(5 DMI applications per year) (Table 2.1).  The population distribution at WBGC was 
unimodal and highly homogenous throughout all sample collections (Table 2.16).  SMCC 
also displayed a unimodal population distribution, which was exposed to relatively low 
selection pressure (1-2 applications per year) prior to field efficacy testing.  Lower DMI 
selection pressure prior to field efficacy testing may have contributed to the lower mean 
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RMG values at the SMCC population (Table 2.15).  JTRF was not exposed to DMI 
fungicides prior to field efficacy testing and represented a baseline population in terms of 
in vitro sensitivity and field efficacy.      
The unique population distributions at HGC and HRCC allowed for the validation 
of the 50% RMG cutoff point as a determinant of practical DMI field resistance.  HGC 
and HRCC both displayed bimodal population distributions (sensitive and resistant 
subpopulations) during the 2009 initial sample, however, propiconazole application 
selected the resistant subpopulation in propiconazole-treated plots at each location for the 
7-DAT, 14-DAT and final sample dates (Figures 2.5 and 2.6 and Tables 2.12 and 2.13). 
This observation was again made in 2010 however, due to the selection pressure applied 
by multiple propiconazole applications in 2009, population distributions from all 
propiconazole treatments contained a significantly higher frequency of propiconazole 
resistant isolates in the 2010 initial sample (Table 2.12 and 2.13).  These results indicate 
that propiconazole resistance can be quickly selected in one curative application if a 
subpopulation with practical field resistance exists.  Furthermore, results also suggest that 
multiple applications will cause the shift in population to persist into the following 
season.  In contrast, population shifts within untreated and chlorothalonil-treated plots 
yielded mixed results at both locations. A complete population shift in propiconazole 
sensitivity was observed at HGC among all treatments in the 2009 final sample. The 
selection of field resistant propiconazole isolates in neighboring propiconazole-treated 
plots likely led to the population shift among untreated and chlorothalonil-treated plots in 
2009 (Tables 2.12).  This trend was also observed at HRCC, however the frequency of 
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propiconazole resistant isolates sampled from untreated and chlorothalonil-treated plots 
was lower than HGC (Tables 2.12 and 2.13).   
Ingress of propiconazole resistant isolates suggests isolates are capable of moving 
short distances and agrees with the previous work regarding the spatial dispersal radius 
range of S. homoeocarpa (Horvath et al., 2008).  Resistant isolate ingress also suggests 
that buffer strips greater than 0.31 m are needed for future work.  Despite an overall 
population increase in propiconazole-field-resistant isolates among all treatments in 2009 
at HRCC, the frequency of field-resistant isolates in untreated and chlorothalonil-treated 
plots from the 2010 initial sample was similar to the 2009 initial sample.  This suggests 
that the 2009 population distribution may have been an artifact of the intense selection 
pressure surrounding non-propiconazole treated plots.  This phenomenon was not 
replicated at HGC; however, an application of the plant growth regulator (PGR) 
flurprimidol was applied approximately one month prior to the initial sample at HGC in 
2010 at the rate of 0.28 kg a.i. ha
-1
 on the experimental plot.  Flurprimidol has been 
reported to have a fungistatic effect on S. homoeocarpa and Ok et al. determined that 
flurprimidol EC50 values were highly correlated to propiconazole EC50 values and 
suggested that flurprimidol may contribute to the selection of DMI-resistant isolates 
(Burpee, et al., 1996; Ok et al., 2011).  It is possible that the flurprimidol application one 
month before the 2010 initial sample at HGC influenced population distribution and 
convoluted further analysis of year-to-year variation at HGC.  Further research examining 
the effect of fungistatic PGR’s on DMI resistance selection is warranted.  
Shifts in population distribution within the three-unimodal populations (JTRF, 
SMCC and WBGC) were virtually non-existent in comparison to HGC and HRCC.  
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JTRF did show an increase in mean RMG% in 2010; however, this increase did not 
correlate to a reduction in field efficacy.  WBGC did show an increase in RMG% among 
all treatments at the 7-DAT-sample date in 2009 in comparison to the initial sample. 
However, four propiconazole applications had occurred prior to the 7-DAT-sample date 
and most likely led to selection of the most resistant propiconazole isolates within the 
unimodal population.  Moreover, variation among different sample dates was present at 
WBGC, however, the individual treatments within sample dates did not significantly 
differ on any date, thus indicating RMG% variation after the 2009 initial sample was 
likely due to experimental error (Table 2.16).  Variation among sample dates was also 
observed at SMCC; however, the population distribution of the 2010 final sample was 
nearly identical to the 2009 initial sample, thus indicating no change in the overall 
population (Table 2.15).  These results were expected, since majority of the isolates 
sampled from both populations were above the 50% RMG threshold. 
Field efficacy results revealed a strong relationship between in vitro sensitivity 
and practical field resistance.  The baseline population JTRF was adequately controlled 
by propiconazole during both years of field efficacy testing and was significantly more 
sensitive in vitro than the four locations with prior DMI exposure (Table 2.10).  Although 
HGC, HRCC, SMCC and WBGC all displayed RMG values above the 50% threshold 
developed in this study, the level of efficacy reduction varied among location.  Some 
variation can be attributed to lack of favorable environmental conditions that existed in 
the 2010 season.  For instance, hot and dry conditions reduce guttation fluids (dew 
formation) in turfgrass and in turn reduce leaf moisture.  Leaf moisture created by 
guttation fluids has been found to play a significant role in the infection process because 
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the sugars and amino acids contained in guttation fluid (dew) provide a nutrition source 
for S. homoeocarpa prior to infection (Williams et al., 1996).  Taking into account 
environmental variation, RC% values did show that reduced propiconazole efficacy 
among the four field resistant populations was least severe at SMCC in both years (Table 
2.3).  This can be attributed to SMCC having the lowest overall RMG% of the four field 
resistant populations (Figures 2.4 and 2.9).  Furthermore, DMI insensitivity is a 
quantitative phenotype that gradually develops over time and does not result in absolute 
field efficacy failure like qualitatively resistant fungicide classes such as the 
benzimidazole class (Brent and Holloman, 2007; Georgopoulos, 1988; Köller, 1988; and 
Sisler, 1988).   
Recent findings in a wide array of fungi (Blumeriella jaapii, Botrytis cinerea, 
Monilinia fructicola, Penicillium digitatum, and Pyrenophora tritici-repentis) suggest 
that increased CYP51A gene expression (the specific gene DMI active ingredients target) 
or increased expression of efflux genes are responsible for decreased sensitivity to DMI 
fungicides (Hamamoto et al., 2000; Hayashi et al., 2002; Luo and Schnabel, 2008; Ma et 
al., 2006; Proffer et al., 2006; Reimann and Deising, 2004).  Ma and Tredway reported 
that the CYP51A gene was not responsible for DMI resistance in S. homoeocarpa, thus 
suggesting that increased expression of efflux transporter genes such as the ABC 
transporter family may be the mechanism of DMI resistance in S. homoeocarpa (Ma and 
Tredway, 2010).  Based on this presumption, it appears plausible that the quantitative 
variation among DMI resistant populations is a function of differing levels of over 
expressed efflux transporter genes.  If increased efflux gene expression were involved in 
DMI resistance in S. homoeocarpa, this would also explain the definitive propiconazole 
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dose response relationship that was observed among HGC, HRCC, SMCC and WBGC.  
Moreover, the dose response observation from field efficacy testing suggests that DMI 
sensitivity is a quantitative phenotypic trait that is influenced by gene expression levels, 
since uniform DMI failure was not observed among all propiconazole rates at any 
location.  Uniform propiconazole failure would have suggested that DMI sensitivity is a 
qualitative phenotypic trait.  Results indicate that further examination efflux gene 
expression is needed to clearly define the mechanism that governs DMI sensitivity in S. 
homoeocarpa. 
The results from this study have developed methodology to effectively determine 
S. homoeocarpa populations that cause practical field resistance to DMI fungicides. 
Although this method leaves some inherent room for error, the main objective was to 
delineate a definitive method to determine S. homoeocarpa populations capable of 
causing practical field resistance to propiconazole.  Future studies should focus on 
developing management strategies for golf superintendents to manage populations of S. 
homoeocarpa that are found to exhibit practical field resistance to DMI fungicides and 
determination of the molecular mechanism responsible for practical field resistance to 
DMI fungicides. 
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Table 2.1.  Location, age and DMI fungicide history of field sites. 
 
Golf Course 
 
Location 
Year 
Established 
Average DMI 
application/year
z
 
HGC Hartford, CT 1965 3.4 
HRCC Hadley, MA 1969 1.6 
JTRF South Deerfield, MA 1995 0 
SMCC Kensington, CT 1917 2 
WBGC Bloomfield, CT 2003 5 
z 
DMI applications were averaged over a 5-year period.  DMI applications  
 include fenarimol, metconazole, myclobutanil, propiconazole, 
 tebuconazole, triadimefon and triticonazole. 
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Table 2.2.  Analysis of variance of Sclerotinia homoeocarpa relative control percentage
v
 as influenced by 
location and treatment in 2009 and 2010. 
 df Mean Square F value Probability 
Source of Variation  2009
w 
2010
x 
2009 2010 2009 2010 
Location
y 
4 1587.8 7522.7 7.9 7.3 0.001 0.002 
Treatment
z 
4 1326.4 961.0 37.4 6.0 <0.001 0.001 
Loc*Trt 16 227.2 414.5 6.4 2.6 <0.001 0.004 
Rep (Loc) 15 201.3 1029.4 - - - - 
Trt*Rep(Loc) 60 35.5 159.4 - - - - 
v Relative control percentage (RC%) data was collected by counting individual infection centers and 
calculating area under the disease progress curve values for all rating dates among all treatments.  Rating 
began on the first date of the first fungicide applications and concluded 21 days after the final application. 
RC% was calculated with the following formula: [(untreated-fungicide treated)/untreated]*100 = RC%. 
w 
2009 total fungicide applications were as follows: HGC (3), HRCC (2), JTRF (4), SMCC (3) and WBGC 
(4).  
x 
2010 total fungicide applications were as follows: HGC (3), HRCC (3), JTRF (3), SMCC (3) and WBGC 
(3). 
y
 Location includes HGC, HRCC, JTRF, SMCC and WBGC. 
z
 Fungicide treatments were propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, 
Greensboro, NC) and chlorothalonil (Daconil Ultrex 82.5WDG, Syngenta Crop Protection, Greensboro, 
NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for propiconazole 
and (8.18 kg a.i. ha
-1
) for chlorothalonil.  Fungicide treatments were applied on a 21-day application 
interval. 
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Table 2.3.  Interaction between location and treatment for Sclerotinia homoeocarpa relative control 
percentage
t
 for 2009 and 2010. 
  Treatment (kg a.i. ha
-1
)
u 
Year Location PP-0.44  PP-0.88 PP-1.28 PP-1.76 CH-8.18 
 HGC 52.8 c
w
 68.0 c 64.7 c 76.3 b 75.0  
 HRCC 75.2 b 80.1 b 83.3 b 88.9 a 75.8  
 JTRF 95.4 a 97.5 a 97.6 a 98.2 a 71.0  
 SMCC 64.3 bc 87.4 ab 92.7 ab 95.8 a 70.0  
2009
v 
 WBGC 66.6 b 74.2 c 83.6 b 89.9 a 68.4  
Location*Treatment
x
 ***
y
 *** *** *** NS 
 
  Treatment (kg a.i. ha
-1
)
u 
Year Location PP-0.44 PP-0.88 PP-1.28 PP-1.76 CH-8.18 
 HGC 48.8 bc
w
 61.4 bc 18.9 c 59.8 b 64.0 b 
 HRCC 39.5 bc 50.5 bc 55.1 b 71.9 b 49.8 b 
 JTRF 95.8 a 96.6 a 97.9 a 97.8 a 91.0 a 
 SMCC 73.5 ab 86.9 ab 88.5 a 90.4 a 71.7 ab 
2010
z 
 WBGC 54.8 bc 69.4 bc 74.7 ab 83.1 a 62.4 b 
Location*Treatment
x 
***
y 
*** *** *** *** 
t
 Relative control percentage (RC%) data was collected by counting individual infection centers and 
calculating area under the disease progress curve values for all rating dates among all treatments.  
Rating began on the first date of the first fungicide application and concluded 21 days after the final 
application. RC% was calculated with the following formula: [(untreated-fungicide 
treated)/untreated]*100 = RC%. 
u
 Treatment abbreviations were as follows: propiconazole = PP and chlorothalonil = CH.   
v
 2009 total fungicide applications were as follows: HGC (3), HRCC (2), JTRF (4), SMCC (3) and 
WBGC (4). 
w
 Means in a column followed by the same letter are not significantly different according to Tukey’s HSD 
test (P < 0.05). 
x
 The Location*Treatment interaction was sliced by treatment and P value of the respective slices are 
listed. 
y 
*, **,  *** and NS refer to significance at P $ 0.05, 0.01, 0.001 and not significant, respectively. 
z 
2010 total fungicide applications were as follows: HGC (3), HRCC (3), JTRF (3), SMCC (3) and 
WBGC (3). 
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Table 2.4.  Influence of fungicide treatments on Sclerotinia homoeocarpa infection centers on an annual bluegrass and creeping bentgrass fairway in 2009 and 
2010, Joseph Troll Turf Research facility (JTRF), South Deerfield, MA. 
Treatment
t 
2009 Sclerotinia homoeocarpa Infection Centers
uv
 
(kg a.i. ha
-1
) 23 June 1 July 7 July 15 July 22 July 29 July 6 Aug 12 Aug 19 Aug 25 Aug 1 Sep 9 Sep 15 Sep 
Untreated
 
30.1  19.5 a
w 
10.0 a 7.5 a 95.3 a 116.9 a 196.8 a
 
102.5 a 75.0 a 121.5 a
 
68.5 a
 
56.3 a 109.0 a 
PP-0.44 31.4  1.5 b 0.0 b 0.0 b 0.1 b 0.0 b 15.8 b 2.5 c 0.0 b 0.3 c 0.0 c 0.4 b 0.0 b 
PP-0.88 34.8  0.3 b 0.0 b 0.0 b 0.0 b 0.0 b 0.5 c 0.0 c 0.0 b 0.0 c 0.0 c 0.0 b 0.4 b 
PP-1.28 35.6  1.1 b 0.0 b 0.0 b 0.0 b 1.0 b 0.0 c 0.0 c 0.0 b 0.0 c 0.0 c 0.0 b 0.0 b 
PP-1.76 28.9  0.6 b 0.0 b 0.0 b 0.0 b 0.0 b 0.0 c 0.0 c 0.0 b 0.0 c 0.0 c 0.0 b 0.0 b 
CH-8.18 26.9  0.3 b 0.3 b 0.3 b 0.1 b 1.4 b 124.3 a 60.0 b 2.5 b 44.5 b 11.3 b 0.1 b 0.0 b 
DAT
x 
0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 
 ANOVA 
Treatment
y
 0.7819
 
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
 
Treatment
t 
2010 Sclerotinia homoeocarpa Infection Centers
uz 
(kg a.i. ha
-1
) 20 July 27 July 3 Aug 11Aug 17 Aug 24 Aug 31 Aug 7 Sept 14 Sept 21 Sept    
Untreated
 
15.3  13.3 a
w 
20.0 a 9.3 a 6.8 a 18.3 a 28.3 a 51.5 a 85.8 a 107.8 a       
PP-0.44 24.0  0.0 b 0.0 c 0.0 b 0.0 b 0.0 b 0.5 c 0.0 b 0.0 b 0.8 c       
PP-0.88 15.0  0.8 b 0.0 c 0.0 b 0.0 b 0.0 b 0.3 c 0.0 b 0.0 b 0.0 c       
PP-1.28 11.0  0.5 b 0.0 c 0.0 b 0.0 b 0.0 b 0.0 c 0.0 b 0.0 b 0.0 c       
PP-1.76 11.8  0.3 b 0.0 c 0.0 b 0.0 b 0.0 b 0.0 c 0.0 b 0.0 b 0.0 c       
CH-8.18 9.5  1.3 b 3.3 b 2.3 b 0.0 b 0.0 b 6.3 b 0.0 b 1.5 b 13.0 b       
DAT
x 
0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT    
 ANOVA
 
Treatment
y 
0.7215
 
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001    
t
 Treatments included untreated, propiconazole (PP) (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and chlorothalonil (CH) (Daconil 
Ultrex 82.5WDG, Syngenta Crop Protection, Greensboro, NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for 
propiconazole and (12.67 kg a.i. ha
-1
) for chlorothalonil.   
u 
Disease severity was assessed by counting individual infection within each plot.  Data were log + 1 transformed prior to analysis, but actual infection center 
means are shown. 
v
 Treatments were applied on 23 June, 15 July, 6 August and 25 August in 2009.   
w
 Means in a column followed by the same letter are not significantly different according to Tukey’s HSD test (P ! 0.05).  
x
 DAT = Days after treatment. 
y 
   P values are listed for the main effect treatment on each rating date.  
z
    Treatments were made 20 July, 11 August and 31 August in 2010.  
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Table 2.5.  Influence of fungicide treatments on Sclerotinia homoeocarpa infection centers on an annual bluegrass and creeping bentgrass fairway in 2009 and 
2010, Hickory Ridge Country Club (HRCC), Hadley, MA. 
Treatment
t
 2009 Sclerotinia homoeocarpa Infection Centers
uv 
(kg a.i. ha
-1
) 1 Aug 8 Aug 14 Aug 20 Aug 28 Aug 4 Sept 11 Sept    
Untreated
 
13.3  20.8 
 
27.5 a
w
 42.0 a 43.0 a 54.5 a 44.3 a       
PP-0.44 9.8  7.3  4.3 b 7.0 b 8.8 b 14.0 b 11.0 b       
PP-0.88 12.0  8.8  4.0 b 5.5 b 3.5 b 6.0 b 6.8 b       
PP-1.28 12.3  9.8  3.8 b 3.0 b 1.8 b 3.8 b 3.8 b       
PP-1.76 10.5  7.8  2.3 b 0.8 b 0 b 1 b 1 b       
CH-8.18 14.3  11.3  7.3 b 11.5 b 2.5 b 6.8 b 11.8 b       
DAT
x 
0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT    
 ANOVA  
Treatment
y 
0.8839
y 
0.0963 <0.0001 <0.0001 0.0005 <0.0001
 
<0.0001    
 
Treatment
t
 2010 Sclerotinia homoeocarpa Infection Centers
uz 
(kg a.i. ha
-1
) 14 June 21 June 28 June 6 July 13 July 20 July 27 July 3 Aug 11 Aug 17 Aug 
Untreated
 
15.0 ab
w 
17.3  26.0 a 42.8 a 43.8 a 51.8 a 65.8 a 58.0 a 87.5 a 107.5 a 
PP-0.44 12.8 ab 10.0  12.8 ab 30.5 ab 17.3 ab 33.0 ab 45.8 b 35.8 b 43.5 ab 69.3 b 
PP-0.88 8.3 b 9.5  7.3 b 22.3 bc 11.5 bc 20.8 bc 38.3 bc 24.5 bc 47.5 ab 50.3 bc 
PP-1.28 18.3 a 17.3  13.8 ab 22.5 bc 11.8 b 19.3 bc 35.3 bc 19.5 bc 22.8 bc 37.0 bc 
PP-1.76 12.3 ab 11.8  7.5 b 18.3 c 5.0 c 10.0 bc 21.8 e 14.8 c 14.5 c 23.0 c 
CH-8.18 16.8 ab 11.0  11.5 ab 22.5 bc 6.0 bc 5.0 c 37.8 bc 16.0 c 21.0 bc 40.5 bc 
DAT
x 
0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 
 ANOVA
 
Treatment
y 
0.0256
 
0.1441 0.0046 0.0010 <0.0001 <0.0001 <0.0001 <0.0001 0.0004 <0.0001 
t
 Treatments included untreated, propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 
82.5WDG, Syngenta Crop Protection, Greensboro, NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for propiconazole 
and (12.67 kg a.i. ha
-1
) for chlorothalonil.   
u 
Disease severity was assessed by counting individual infection within each plot.  Data were log + 1 transformed prior to analysis, but actual infection center 
means are shown. 
v
 Treatments were applied on 1 August and 20 August in 2009.      
w
 Means in a column followed by the same letter are not significantly different according to Tukey’s HSD test (P ! 0.05).  
x
 DAT = Days after treatment. 
y 
   P values are listed for the main effect treatment on each rating date.  
z
    Treatments were made on 14 June, 6 July and 27 July in 2010. 
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Table 2.6.  Influence of fungicide treatments on Sclerotinia homoeocarpa infection centers on a creeping bentgrass tee box in 2009 and 2010, Hartford Country 
Club (HGC), Hartford, CT.  
Treatment
t 
2009 Sclerotinia homoeocarpa Infection Centers
uv
 
(kg a.i. ha
-1
) 22 July 28 July 4 Aug 12 Aug 18 Aug 25 Aug 1 Sept 9 Sept 16 Sept 22 Sept 
Untreated
 
15.3  31.3 a
w 
54.0 a 86.3 a 98.8 a 122.5 a 142.5 a 98.3 a 112.5 a 110.0 a 
PP-0.44 14.0  11.8 ab 16.8 b 34.8 b 38.0 b 49.5 b 76.5 b 44.0 b 61.0 b 65.8 ab 
PP-0.88 12.3  10.0 b 15.3 b 27.8 b 24.3 b 29.8 bc 47.5 bc 31.3 bc 39.0 c 41.0 bc 
PP-1.28 16.5  10.5 b 21.0 ab 37.0 b 36.0 b 31.0 bc 47.3 bc 34.5 bc 32.5 cd 36.8 c 
PP-1.76 17.3  9.0 b 13.3 b 25.8 b 22.8 b 20.5 c 31.3 c 22.3 bc 22.5 d 20.8 d 
CH-8.18 19.3  8.3 b 12.3 b 32.0 b 29.5 b 25.3 c 30.8 c 16.5 c 23.8 d 15.0 d 
DAT
x
 0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 
 ANOVA
 
Treatment
y 
0.7405
Z
 0.0096 0.0023 0.0006 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
  
Treatment
t 
2010 Sclerotinia homoeocarpa Infection Centers
uz
 
(kg a.i. ha
-1
) 8 June 15 June 22 June 29 June 6 July 13 July 20 July 27 July 3 Aug 10 Aug 
Untreated
 
19.8  25.3  33.5  52.8  37.3  60.0  59.5  60.8 a
w 
63.8 a 70.3 a 
PP-0.44 6.3  7.3  8.0  23.3  17.0  24.3  33.5  26.0 ab 29.3 ab 32.0 ab 
PP-0.88 11.8  6.8  6.0  19.0  14.0  15.3  25.8  15.3 ab 19.3 ab 18.5 ab 
PP-1.28 36.8  26.8  21.3  48.0  30.0  36.0  53.8  32.3 ab 38.8 ab 38.3 ab 
PP-1.76 16.5  14.3  11.0  22.8  17.0  20.8  26.0  14.5 b 11.5 b 16.5 b 
CH-8.18 24.8  15.3  9.0  16.5  11.8  21.3  30.3  13.0 b 12.0 b 26.5 ab 
DAT
x
 0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 
 ANOVA 
Treatment
y
 0.1353 0.2713 0.1511 0.0905 0.0977 0.1694 0.2510 0.0161 0.0098 0.0393 
t
 Treatments included untreated, propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 
82.5WDG, Syngenta Crop Protection, Greensboro, NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for propiconazole 
and (12.67 kg a.i. ha
-1
) for chlorothalonil.   
u
 Disease severity was assessed by counting individual infection within each plot.  Data were log + 1 transformed prior to analysis, but actual infection center  
means are shown.    
v
 Treatments were applied 22 July, 12 August, and 1 September in 2009.   
w
  Means in a column followed by the same letter are not significantly different according to Tukey’s HSD test (P ! 0.05).  
x
 DAT = Days after treatment. 
y 
   P values are listed for the main effect treatment on each rating date.  
z
    Fungicides were applied 8 June, 29 June and 29 July in 2010. 
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Table 2.7.  Influence of fungicide treatments on dollar spot infection centers on an annual bluegrass and creeping bentgrass fairway in 2009 and 2010, Shuttle 
Meadow Country Club (SMCC), Kensington, CT.  
Treatment
t
  2009 Sclerotinia homoeocarpa Infection Centers
uv
 
(kg a.i. ha
-1
) 28 July 4 Aug 12 Aug  18 Aug 25 Aug 1 Sept 9 Sept 16 Sept 22 Sept 1 Oct 
Untreated
 
32.0  84.3 a
w 
145.8 a 150.0 a 117.5 a 73.5 a 69.0 a 106.5 a 61.0 a 84.0 a 
PP-0.44 26.0  2.8 b 23.5 b 76.0 b 7.0 b 16.5 b 39.8 b 46.0 a 20.0 b 50.0 b 
PP-0.88 22.5  0.8 bc 4.0 c 30.3 c 0.8 bc 1.0 c 16.0 b 8.3 b 2.3 cd 16.3 bc 
PP-1.28 28.8  0.0 c 0.3 d 18.3 cd 0.0 c 0.3 c 14.0 b 2.3 cd 0.8 de 4.5 c 
PP-1.76 37.0  0.0 c 0.0 d 6.8 d 0.0 c 0.0 c 3.8 c 0.8 d 0.0 e 3.3 c 
CH-8.18 37.0  3.3 b 46.3 b 77.0 b 5.0 bc 15.0 b 43.3 b 5.0 bc 6.5 c 34.0 bc 
DAT
x
 0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 
 ANOVA
 
Treatment
y 
0.7407
Z
 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
  
Treatment
t
  2010 Sclerotinia homoeocarpa Infection Centers
uz
 
(kg a.i. ha
-1
)
 
6 July 13 July 20 July 27 July 3 Aug 10 Aug 17 Aug 24 Aug 31 Aug 7 Sept 
Untreated
 
10.0  12.8 a
w 
19.0 a 21.5 a 13.3 a 11.8 a 15.5 a 0.3  2.3  0.3  
PP-0.44 11.5  2.8 b 3.8 b 4.5 b 1.8 b 2.8 bc 4.3 b 0.0  0.3  1.3  
PP-0.88 12.0  1.5 b 2.3 b 0.8 c 0.8 b 1.0 c 0.8 c 1.3  1.3  1.0  
PP-1.28 13.5  1.0 b 1.8 b 1.3 c 1.3 b 0.0 c 0.5 c 2.0  1.3  2.0  
PP-1.76 14.5  0.8 b 1.3 b 0.3 c 0.5 b 0.0 c 0.0 c 1.0  1.0  1.8  
CH-8.18 14.0  1.0 b 3.5 b 5.5 b 0.8 b 3.3 b 4.8 b 3.3  1.8  5.0  
DAT
x
 0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 
 ANOVA 
Treatment
y
 0.8555 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.7144 0.6574 0.1979 
t
 Treatments included untreated, propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 
82.5WDG, Syngenta Crop Protection, Greensboro, NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for propiconazole 
and (12.67 kg a.i. ha
-1
) for chlorothalonil.   
u
 Disease severity was assessed by counting individual infection within each plot.  Data were log + 1 transformed prior to analysis, but actual means are shown.    
v
 Treatments were applied 28 July, 18 August, and 9 September in 2009.   
w
  Means in a column followed by the same letter are not significantly different according to Tukey’s honest significant difference (P ! 0.05).  
x
 DAT = Days after treatment.  
y 
   P values are listed for the main effect treatment on each rating date.  
z
    Treatments were applied 6 July, 27 July and 17 Aug in 2010. 
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Table 2.8.  Influence of fungicide treatments on Sclerotinia homoeocarpa infection centers on a creeping bentgrass fairway in 2009 and 2010, Wintonbury Hills 
Golf Course (WBGC), Bloomfield CT. 
Treatment
t
  2009 Sclerotinia homoeocarpa Infection Centers
uv
 
(kg a.i. ha
-1
) 30 June 7 July 14 July 21 July 28 July 4 Aug 12 Aug 18 Aug 25 Aug 1 Sept 9 Sept 16 Sept 22 Sept 
Untreated
 
19.5  20.5 a
w 
14.8 a 19.0 a 45.0 a 80.5 a 104.0 a 83.5 a 81.0 a 77.3 a 68.8 a 91.0 a 73.8 a 
PP-0.44 14.0  7.5 b 4.3 b 5.8 bc 3.3 b 21.3 b 43.0 b 18.0 b 32.0 b 35.8 b 21.8 b 39.8 b 35.0 b 
PP-0.88 19.8  9.0 b 3.3 b 5.0 bc 1.3 b 14.8 b 33.0 b 11.3 b 26.3 b 26.0 bc 16.8 b 23.8 bc 24.5 bc 
PP-1.28 19.0  6.8 b 1.8 b 2.3 c 0.8 b 7.8 bc 18.5 bc 4.0 c 13.5 bc 18.3 cd 12.8 bc 17.0 c 18.0 cd 
PP-1.76 13.8  4.8 b 1.3 b 2.3 c 1.0 b 4.3 c 15.3 c 3.8 c 8.5 c 11.5 d 8.0 c 8.0 d 11.0 d 
CH-8.18 21.0  5.0 b 2.0 b 11.5 b 4.3 b 20.5 b 40.8 b 12.8 b 29.5 b 40.0 b 22.3 b 23.8 bc 22.8 bc 
DAT
x
 0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 
 ANOVA
 
Treatment
y
 0.2255
Z
 0.0004 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
  
Treatment
t
  2010 Sclerotinia homoeocarpa Infection Centers
uz 
(kg a.i. ha
-1
) 30 June 6 July 13 July 20 July 27 July 3 Aug 10 Aug 17 Aug 24 Aug 31 Aug    
Untreated
 
12.8  10.8  30.8 a
w 
26.0 a 28.0 a 19.3 a 32.3 a 23.0 a 32.0 a 28.8 a       
PP-0.44 13.5  12.0  16.3 ab 13.0 abc 7.0 b 8.3 ab 14.5 ab 4.8 b 11.8 b 13.3 b       
PP-0.88 17.3  9.8  10.8 bc 8.8 bc 4.5 b 4.0 bc 10.3 bc 3.3 bc 4.8 c 7.0 cd       
PP-1.28 19.5  12.3  11.3 bc 5.3 c 2.8 b 2.8 bc 5.0 bc 1.3 c 3.3 cd 5.5 cd       
PP-1.76 13.0  5.5  5.5 c 5.5 c 3.0 b 2.3 c 4.5 c 1.8 bc 1.8 d 3.5 d       
CH-8.18 21.8  13.5  12.5 bc 15.5 ab 4.0 b 6.0 bc 12.3 abc 2.0 bc 4.8 bc 8.0 bc       
DAT
x
 0-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT 7-DAT 14-DAT 21-DAT    
 ANOVA  
Treatment
y 
0.2322 0.2808 0.0003 0.0006 0.0002 <0.0001 0.0006 <0.0001 <0.0001 <0.0001    
t
 Treatments included untreated, propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 
82.5WDG, Syngenta Crop Protection, Greensboro, NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for propiconazole 
and (12.67 kg a.i. ha
-1
) for chlorothalonil.   
u
 Disease severity was assessed by counting individual infection within each plot.  Data were log + 1 transformed prior to analysis, but actual infection center 
means are shown.    
v
 Treatments were applied on 30 June, 21 July, and 12 August and 1 September in 2009.   
w
  Means in a column followed by the same letter are not significantly different according to Tukey’s honest significant difference (P ! 0.05).  
x
 DAT = Days after treatment.
 
 
y 
   P values are listed for the main effect treatment on each rating date. 
z
    Treatments were applied on 30 June, 20 July and 10 August in 2010. 
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Table 2.9.  Reproducibility of relative mycelium growth percentage 
(RMG%) assay using the propiconazole discriminatory concentration 0.1 
µg a.i. ml
-1
. 
 RMG% (0.1 µg a.i. ml
-1
) propiconazole 
Isolate Mean (St. dev.)
y
 95 % CI CV 
HGC-21-10 66.75±5.40 (63.76-69.74) 8.09 
HRCC-1-4 50.70±5.09 (47.89-53.52) 10.03 
JTRF-27-1 17.09±2.78 (15.55-18.63) 16.27 
SMCC-12-5 59.69±5.76 (56.50-62.88) 9.66 
WBGC-10-1 72.66±5.90 (69.39-75.93) 8.13 
Mean 4.99
z 
 10.44 
y
 Mean RMG% based upon values obtained from five repeated assays.
 
z
 Mean standard deviation of the five isolates tested. 
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Table 2.10.  Comparison of relative mycelium growth percentage (RMG%) of the four 
locations with prior DMI exposure to the baseline population using Dunnett’s-One tailed t-
test . 
 Relative Mycelium Growth %
y 
 2009
 
 2010
 
Location
 
Initial Final  Initial Final 
JTRF 18.3%  16.2%   25.7%  26.2%  
HGC 43.1% *
z
 75.1% *  63.8% * 74.0% * 
HRCC 45.6% * 70.2% *  63.1% * 74.4% * 
SMCC 64.1% * 69.6% *  57.4% * 63.3% * 
WBGC 64.0% * 84.8% *  90.0% * 83.4% * 
y
 Relative mycelium growth percentage (RMG%) was calculated by dividing the average 
radial growth on PDA amended with 0.1 µg a.i. ml
-1
 propiconazole by the average non-
amended radial growth and multiplied by 100 to give RMG% for each Petri plate.   
z
 * indicate a significant difference to the baseline population JTRF in mean relative 
mycelium growth %. 
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Table 2.11.  Comparison of Sclerotinia homoeocarpa propiconazole-field-resistant isolates for HGC and 
HRCC among multiple sample dates in 2009 and 2010. 
 Frequency of Propiconazole Field Resistant Isolates (% and no.)
s 
 2009
t 
 2010
u
 
Location Initial 7-DAT 14-DAT Final  Initial
v
 7-DAT Final 
HGC
w 
40 %
x
 
(80/190) 
77 % 
(87/113) 
86 % 
(198/231) 
96 % 
(211/219) 
 96 % 
(217/227) 
98 % 
(199/204) 
98 % 
(216/221) 
P (X
2
)
y 
- <0.001 <0.001 <0.001  <0.001 0.267 0.207 
         
HRCC
z 
39 %
x 
88/226 
88 % 
74/84 
80 % 
46/58 
87 % 
178/205 
 77 % 
144/186 
88 % 
161/183 
87 % 
199/219 
P (X
2
)
y 
- <0.001 <0.001 <0.001  <0.001 0.409 0.313 
s
 Sclerotinia homoeocarpa isolates were considered field resistant if relative mycelium growth values 
above 50% were observed on the discriminatory concentration of 0.1 µg a.i. ml
-1
 propiconazole. 
t
 Isolates (2009) were collected from HGC on 22 July (initial), 28 July (7-DAT),  4 August (14-DAT) and 
22 September (final).  Isolates (2009) were collected form HRCC on 31 July (initial), 28 August (7-
DAT), 14 August (14-DAT) and 29 September (final). 
u 
Isolates (2010) were collected from HGC on 8 June (initial), 6 July (7-DAT), and 8 August (final).  
Isolates (2010) were collected form HRCC on 14 June (initial), 13 July (7-DAT), and 17 August (final). 
v
 2010 initial sample date was compared to 2009 initial sample date to determine differences in 
propiconazole resistant isolate frequency among years. 
w 
Fungicides were applied 22 July, 12 August, and 1 September in 2009 at HGC.  Fungicides were applied 
8 June, 29 June and 29 July in 2010 at HGC. 
x
 Percentage of isolates resistant to propiconazole and the number of resistant isolates/total number of 
isolates tested. 
y
 Chi-square P value derived from the comparison of number of sensitive and resistant isolates in the 
initial sample to sample date listed in the column.  Comparisons were to the initial sample of the year 
listed, unless otherwise noted.     
z
 Fungicide treatments were applied on 1 August and 20 August in 2009 at HRCC.  Fungicide treatments 
were applied on 14 June, 6 July and 27 July in 2010 at HRCC.  
 64 
Table 2.12.  Comparison of Sclerotinia homoeocarpa propiconazole-field-resistant isolates within 
untreated, chlorothalonil and propiconazole-treated plots for Hartford Golf Club (HGC) at multiple sample 
dates in 2009 and 2010.    
 Frequency of Propiconazole Field Resistant Isolates (% and no.)
t
 
 2009
u 
 2010
v 
Treatment
w 
Initial 7-DAT 14-DAT Final  Initial
x 
7-DAT Final 
Untreated 50 %
y
  
(16/32) 
44 % 
(16/36) 
82 % 
(32/39) 
89 % 
(32/36) 
 93 % 
(37/40) 
89 % 
(33/37) 
95 % 
(2/37) 
P (X
2
)
z
 - 0.647 0.004 <0.001  <0.001 0.614 0.65 
Chlorothalonil 
8.18 kg a.i. ha
-1 
50 % 
(18/36) 
50 % 
(6/12) 
58 % 
(21/36) 
100 % 
(0/38) 
 97 % 
(36/37) 
100 % 
(37/37) 
95 % 
(2/35) 
P (X
2
)
z
 - 1.0 0.478 <0.001  <0.001 0.314 0.556 
Propiconazole 
0.44 kg a.i. ha
-1
 
40 % 
(12/30) 
100 % 
(16/16) 
80 % 
(24/32) 
92 % 
(34/37) 
 100 % 
(39/39) 
100 % 
(33/35) 
100 % 
(40/40) 
P (X
2
)
z
 - <0.001 <0.001 <0.001  <0.001 1.0 1.0 
Propiconazole 
0.88 kg a.i. ha
-1
 
26 % 
(9/34) 
100 % 
(12/12) 
97 % 
(36/37) 
100 % 
(37/37) 
 95 % 
(35/37) 
100 % 
(30/30) 
96 % 
(27/28) 
P (X
2
)
z
 - <0.001 <0.001 <0.001  <0.001 0.196 0.727 
Propiconazole 
1.28 kg a.i. ha
-1
 
41 % 
(13/32) 
100 % 
(22/22) 
95 % 
(36/38) 
97 % 
(35/36) 
 95 % 
(33/35) 
97 % 
(29/30) 
100 % 
(40/40) 
P (X
2
)
z
 - <0.001 <0.001 <0.001  <0.001 0.648 0.125 
Propiconazole 
1.76 kg a.i. ha
-1
 
34 % 
(12/35) 
100 % 
(15/15) 
100 % 
(38/38) 
100 % 
(35/35) 
 95 % 
(37/39) 
100 % 
(37/37) 
100 % 
(37/37) 
P (X
2
)
z
 - <0.001 <0.001 <0.001  <0.001 0.163 0.163 
t
 Sclerotinia homoeocarpa isolates were considered field resistant if relative mycelium growth values 
above 50% were observed on the discriminatory concentration of 0.1 µg a.i. ml
-1
 propiconazole. 
u
 Isolates were collected from HGC in 2009 on 22 July (initial), 28 July (7-DAT),  4 August (14-DAT) and 
22 September (final).   
v
 Isolates were collected from HGC in 2010 on 8 June, (initial) 6 July (7-DAT) and 10 August (final)   
w 
Fungicides were applied 22 July, 12 August, and 1 September in 2009 at HGC in 2009.  Fungicides were 
applied 8 and 29 June and 20 July in 2010.    
x
 2010 initial sample date was compared to 2009 initial sample date to determine differences in 
propiconazole resistant isolate frequency among years. 
y
 Percentage of isolates resistant to propiconazole and the number of resistant isolates/total number of 
isolates tested. 
z
 Chi-square P value derived from the comparison of number of sensitive and resistant isolates in the 
initial sample to sample date listed in the column.  Comparisons were to the initial sample of the year 
listed, unless otherwise noted.     
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Table 2.13.  Comparison of Sclerotinia homoeocarpa propiconazole-field-resistant isolates within 
untreated, chlorothalonil and propiconazole treated plots for Hickory Ridge Country Club (HRCC) at 
multiple sample dates in 2009 in 2010.    
 Frequency of Propiconazole Field Resistant Isolates (% and no.)
s 
 2009
t 
 2010
u
 
Treatment
v 
Initial 7-DAT 14-DAT Final  Initial
w 
7-DAT Final 
Untreated 44 %
x 
(15/34) 
74 % 
(26/35) 
70 % 
(23/33) 
68 % 
(21/31) 
 55% 
(16/29) 
62 % 
(23/37) 
64 % 
(23/36) 
P (X
2
)
y
 - 0.011 0.035 0.056  0.382 0.409 0.476 
Chlorothalonil 
8.18 kg a.i. ha
-1 
40 % 
(15/38) 
100 % 
(1/1) 
50 % 
(2/4) 
74 % 
(26/35) 
 53 % 
(17/32) 
75 % 
(18/24) 
83 % 
(29/35) 
P (X
2
)
y
 - NA
z 
NA
z
 0.003  0.253 0.094 0.009 
Propiconazole 
0.44 kg a.i. ha
-1
 
42 % 
(16/38) 
96 % 
(27/28) 
100 % 
(11/11) 
97 % 
(35/36) 
 85 % 
(27/32) 
97 % 
(34/35) 
97 % 
(33/34) 
P (X
2
)
y
 - <0.001 <0.001 <0.001  <0.001 0.068 0.073 
Propiconazole 
0.88 kg a.i. ha
-1
 
39 % 
(15/39) 
100 % 
(15/15) 
100 % 
(8/8) 
92 % 
(34/37) 
 86 % 
(25/29) 
100 % 
(36/36) 
100 % 
(40/40) 
P (X
2
)
y
 - <0.001 0.002 <0.001  <0.001 0.021 0.016 
Propiconazole 
1.28 kg a.i. ha
-1
 
42 % 
(16/38) 
100 % 
(1/1) 
- 
(0/0) 
97 % 
(33/34) 
 97 % 
(33/34) 
97 % 
(29/30) 
100 % 
(36/36) 
P (X
2
)
y
 - NA
z
 NA
z
 <0.001  <0.001 0.929 0.300 
Propiconazole 
1.76 kg a.i. ha
-1
 
28 % 
(11/39) 
100 % 
(4/4) 
100 % 
(2/2) 
91 % 
(29/32) 
 87 % 
(26/30) 
100 % 
(21/21) 
100 % 
(38/38) 
P (X
2
)
y
 - NA
z
 NA
z
 <0.001  <0.001 0.081 0.020 
s
 Sclerotinia homoeocarpa isolates were considered field resistant if relative mycelium growth values 
above 50% were observed on the discriminatory concentration of 0.1 µg a.i. ml
-1
 propiconazole. 
t
 Isolates (2009) were collected form HRCC on 31 July (initial), 28 August (7-DAT), 14 August (14-DAT) 
and 29 September (final).   
u
 Isolates (2010) were collected form HRCC on 14 June (initial), 13 July (7-DAT), and 17 August (final). 
v 
Fungicide treatments were applied on 1 August and 20 August in 2009.  Fungicide treatments were 
applied on 14 June, 6 July and 27 July in 2010.  
w
 2010 initial sample date was compared to 2009 initial sample date to determine differences in 
propiconazole resistant isolate frequency among years. 
x
 Percentage of isolates resistant to propiconazole and the number of resistant isolates/total number of 
isolates tested. 
y
 Chi-square P value derived from the comparison of number of sensitive and resistant isolates in the 
initial sample to sample date listed in the column.  Comparisons were to the initial sample of the year 
listed, unless otherwise noted.     
z
 Chi-square test was not conducted for treatments with less than five isolates collected. 
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Table 2.14.  Summary of relative mycelium growth percentage (RMG%) in 2009 and 2010 for the Joseph 
Troll Research Facility (JTRF) South Deerfield, MA. 
 Relative Mycelium Growth %
v 
 2009
w 
 2010
x 
Treatment
y 
Initial 7-DAT 14-DAT Final  Initial 7-DAT Final 
Untreated 18.3±3.3 - - 16.7±4.2  26.8±7.2 - 25.6±7.1 
CH 8.18 kg  18.8±3.8 - - 14.2±5.6  25.5±6.4 - 25.0±5.1 
PP 0.44 kg 18.6±4.5 - - 15.7±4.8  27.1±5.7 - 27.6±7.8 
PP 0.88 kg 18.4±4.6 - - 15.7±6.0  24.8±5.7 - 26.8±4.8 
PP 1.28 kg 18.6±5.0 - - 17.4±5.2  25.0±5.5 - 26.3±6.0 
PP 1.76 kg 17.1±3.4 - - 17.1±6.0  25.5±7.6 - 28.3±10.3 
Grand Mean 18.0±4.4   16.2±5.4  25.7±6.4  26.2±6.5 
 ANOVA 
Treatment
z 
0.8713 - - 0.4427  0.2932 - 0.5456 
v
 Relative mycelium growth percentage (RMG%) was calculated by dividing the average radial growth on 
propiconazole amended PDA by the average non-amended radial growth and multiplied by 100 to give 
RMG% for each Petri plate.  Standard deviation is also listed for each treatment. 
w
 Isolates were collected on 23 July and October 15 in 2009.  21-day interval treatments were applied on 
23 June, 15 June, 6 August and 25 August in 2009.   
x
 Isolates were collected on 20 July and 5 October in 2010.  21-day interval treatments were made 20 July, 
11 August and 31 August in 2010.  
y
 Treatments included untreated, propiconazole (PP) (Banner MAXX 1.3EC, Syngenta Crop Protection, 
Greensboro, NC) and chlorothalonil (CH) (Daconil Ultrex 82.5WDG, Syngenta Crop Protection, 
Greensboro, NC).   
z 
P values are listed for the main effect treatment on each rating date. 
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Table 2.15.  Summary of relative mycelium growth percentage (RMG%) in 2009 and 2010 for Shuttle 
Meadow Country Club (SMCC) Kensington, CT.  
 Relative Mycelium Growth %
u 
 2009
v 
 2010
w 
Treatment
x 
Initial 7-DAT 14-DAT Final  Initial 7-DAT Final 
Untreated 63.1±8.0 55.4±7.5 59.9±8.6 64.5 a
y
  57.1±8.7 57.7±12.5 62.1±7.8 
CH 8.18 kg  65.3±9.6 60.5±8.5 55.8±6.2 67.3 a   57.2±8.7 58.6±11.2 63.0±6.8 
PP 0.44 kg 64.1±8.3 58.2±5.8 60.5±7.3 73.4 a  58.4±13.5 61.4±9.2 65.8±7.4 
PP 0.88 kg 62.5±8.9 54.1±4.0 NA 71.9 a  59.9±11.0 62.0±8.1 63.1±9.0 
PP 1.28 kg 65.6±8.0 54.7±4.3 NA 70.9 a  54.1±9.9 NA 62.6±7.4 
PP 1.76 kg 63.9±8.9 55.8 NA 70.7 a  57.3±7.4 NA 63.2±6.5 
Grand Mean 64.1±8.7 56.8±7.0 58.8±7.7 69.6±9.0  57.4±10.1 59.3±10.9 63.3±7.6 
 ANOVA 
Treatment
z 
0.6194 0.4511 0.2384 0.0055  0.6769 0.5730 0.1021 
u
 Relative mycelium growth percentage (RMG%) was calculated by dividing the average radial growth on 
propiconazole amended PDA by the average non-amended radial growth and multiplied by 100 to give 
RMG% for each Petri plate.  Standard deviation is also listed for each treatment. 
v
 Isolates were collected on 28 July (initial), 25 August (7-DAT), 1 September (14-DAT) and 12 October 
in 2009.  Fungicides were applied 28 July, 18 August, and 9 September in 2009.   
w
 Isolates were collected on 6 July (initial), 2 August (7-DAT) and 21 September in 2010.   Fungicides 
were applied 6 July, 27 July and 17 Aug in 2010. 
x
 Treatments included untreated, propiconazole (PP) (Banner MAXX 1.3EC, Syngenta Crop Protection, 
Greensboro, NC) and chlorothalonil (CH) (Daconil Ultrex 82.5WDG, Syngenta Crop Protection, 
Greensboro, NC).   
y
 Means in a column followed by the same letter are not significantly different according to Tukey’s 
honest significant difference (P ! 0.05).  
z 
P values are listed for the main effect treatment on each rating date. 
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Table 2.16.  Summary of relative mycelium growth percentage (RMG%) in 2009 and 2010 for Wintonbury 
Hills Golf Club (WBGC) Bloomfield, CT.  
 Relative Mycelium Growth %
v 
 2009
w 
 2010
x 
Treatment
y 
Initial 7-DAT 14-DAT Final  Initial 7-DAT Final 
Untreated 63.4±9.2 77.4±8.3 85.8±7.2 82.5±11.4  91.3±7.0 78.9±8.2 82.3±10.5 
CH 8.18 kg  63.2±9.4 80.0±9.4 85.2±10.3 83.3±8.6  88.9±8.5 78.7±7.6 82.1±9.2 
PP 0.44 kg 66.5±10.2 78.9±8.6 89.9±6.1 86.2±7.3  91.8±9.7 81.9±5.8 83.5±8.8 
PP 0.88 kg 64.2±13.0 80.6±7.5 90.7±7.8 85.1±9.6  87.1±10.6 79.5±6.5 84.2±7.7 
PP 1.28 kg 65.1±10.6 75.7±5.7 86.5±7.4 84.2±8.9  90.6±9.3 82.7±7.8 82.8±7.0 
PP 1.76 kg 61.3±6.3 81.3±5.3 87.9±8.8 87.7±8.6  90.2±7.1 80.3±7.4 85.5±7.5 
Grand Mean 64.0±10.0 78.8±7.9 87.7±8.1 84.8±9.2  90.0±8.9 80.5±7.3 83.4±8.6 
 ANOVA 
Treatment
z 
0.5699 0.3841 0.4430 0.3365  0.1523 0.4818 0.6015 
w
 Relative mycelium growth percentage (RMG%) was calculated by dividing the average radial growth on 
propiconazole amended PDA by the average non-amended radial growth and multiplied by 100 to give 
RMG% for each Petri plate.  Standard deviation is also listed for each treatment. 
x
 Isolates were collected on 30 June (initial), 9 September (7-DAT), 16 September (14-DAT) and 22 
September in 2009.  Fungicides were applied 30 June, 21 July, and 12 August and 1 September in 2009.   
y
 Isolates were collected on 30 June (initial), 27 July (7-DAT) and 9 September in 2010.   Fungicides were 
applied 30 June, 20 July and 10 August in 2010. 
z
 Treatments included untreated, propiconazole (PP) (Banner MAXX 1.3EC, Syngenta Crop Protection, 
Greensboro, NC) and chlorothalonil (CH) (Daconil Ultrex 82.5WDG, Syngenta Crop Protection, 
Greensboro, NC).   
z 
P values are listed for the main effect treatment on each rating date. 
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Table 2.17.  Frequency of propiconazole-field-resistant isolates sampled only from propiconazole 
treatments before and after propiconazole application from five diverse Sclerotinia homoeocarpa 
populations in 2009 and 2010. 
 2009 Frequency of Propiconazole Field Resistant Isolates
y
 
Sample Time
 
JTRF HGC HRCC SMCC WBGC 
Initial 0% 35% 38% 96% 91% 
7-DAT, 14-DAT and Final
z 
0% 96% 96% 98% 100% 
 
 2010 Frequency of Propiconazole Field Resistant Isolates
y
 
Sample Time
 
JTRF HGC HRCC SMCC WBGC 
Initial 0% 97% 89% 81% 100% 
7-DAT and Final
z 
1% 98% 99% 91% 100% 
y 
Isolates exhibiting relative mycelium growth (RMG) values above 50% were considered propiconazole-
field-resistant. 
z
 Isolates from the 7-DAT, 14-DAT and final sample were pooled.  
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Figure 2.1.  Frequency distributions of relative mycelium growth percentage (RMG%) from 2009 initial 
sampling (before fungicide application) of Hartford Golf Club (HGC), Hickory Ridge Country Club 
(HRCC), Joseph Troll Turf Research Facility (JTRF), Shuttle Meadow Country Club (SMCC) and 
Wintonbury Hills Country Club (WBGC) evaluated on the discriminatory concentration 0.1 µg a.i. ml
-1
 of 
propiconazole.   
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Figure 2.2.  Frequency distributions of relative mycelium growth percentage (RMG%) from the 2009 seven 
days after treatment (7-DAT) sample time for Hartford Golf Club (HGC), Hickory Ridge Country Club 
(HRCC), Shuttle Meadow Country Club (SMCC) and Wintonbury Hills Country Club (WBGC) evaluated 
on the discriminatory concentration 0.1 µg a.i. ml
-1
 of propiconazole.   
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Figure 2.3.  Frequency distributions of relative mycelium growth percentage (RMG%) from the 2009 
fourteen days after treatment (14-DAT) sample time for Hartford Golf Club (HGC), Hickory Ridge 
Country Club (HRCC), Shuttle Meadow Country Club (SMCC) and Wintonbury Hills Country Club 
(WBGC) evaluated on the discriminatory concentration 0.1 µg a.i. ml
-1
 of propiconazole. 
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Figure 2.4.  Frequency distributions of relative mycelium growth percentage (RMG%) from 2009 final 
sampling of Hartford Golf Club (HGC), Hickory Ridge Country Club (HRCC), Joseph Troll Turf Research 
Facility (JTRF), Shuttle Meadow Country Club (SMCC) and Wintonbury Hills Country Club (WBGC) 
evaluated on the discriminatory concentration 0.1 µg a.i. ml
-1
 of propiconazole.   
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Figure 2.5.  Stacked histograms of relative mycelium growth percentage (RMG%) on the discriminatory 
concentration 0.1 µg a.i. ml
-1
 of propiconazole from the (a.) initial, (b.) 7-DAT, (c.) 14-DAT and (d) final 
sample dates from Hartford Golf Club (HGC) in 2009.   
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Figure 2.6.  Stacked histograms of relative mycelium growth percentage (RMG%) on the discriminatory 
concentration 0.1 µg a.i. ml
-1
 of propiconazole from the (a.) initial, (b.) 7-DAT, (c.) 14-DAT and (d) final 
sample dates from Hickory Ridge Country Club (HRCC) in 2009.   
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Figure 2.7.  Frequency distributions of relative mycelium growth percentage (RMG%) from 2010 initial 
sampling (before fungicide application) of Hartford Golf Club (HGC), Hickory Ridge Country Club 
(HRCC), Joseph Troll Turf Research Facility (JTRF), Shuttle Meadow Country Club (SMCC) and 
Wintonbury Hills Country Club (WBGC) evaluated on the discriminatory concentration 0.1 µg a.i. ml
-1
 of 
propiconazole.    
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Figure 2.8.  Frequency distributions of relative mycelium growth percentage (RMG%) from the 2010 seven 
days after treatment (7-DAT) sample time for Hartford Golf Club (HGC), Hickory Ridge Country Club 
(HRCC), Shuttle Meadow Country Club (SMCC) and Wintonbury Hills Country Club (WBGC) evaluated 
on the discriminatory concentration 0.1 µg a.i. ml
-1
 of propiconazole.  
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Figure 2.9.  Frequency distributions of relative mycelium growth percentage (RMG%) from 2010 final 
sampling of Hartford Golf Club (HGC), Hickory Ridge Country Club (HRCC), Joseph Troll Turf Research 
Facility (JTRF), Shuttle Meadow Country Club (SMCC) and Wintonbury Hills Country Club (WBGC) 
evaluated on the discriminatory concentration 0.1 µg a.i. ml
-1
 of propiconazole.  
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Figure 2.10.  Stacked histograms of relative mycelium growth percentage (RMG%) on the discriminatory 
concentration 0.1 µg a.i. ml
-1
 of propiconazole from the (a.) initial, (b.) 7-DAT, and (c.) final sample dates 
from Hartford Golf Club (HGC) in 2010.  
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Figure 2.11.  Stacked histograms of relative mycelium growth percentage (RMG%) on the discriminatory 
concentration 0.1 µg a.i. ml
-1
 of propiconazole from the (a.) initial, (b.) 7-DAT, and (c.) final sample dates 
from Hickory Ridge Country Club (HRCC) in 2010.   
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CHAPTER 3 
QUALITATIVE IN VITRO DETECTION OF PROPICONAZOLE FIELD 
RESISTANT SCLEROTINIA HOMOEOCARPA ISOLATES 
 
Abstract 
 
The objective of this study was to develop a qualitative in vitro sensitivity assay 
for detection of Sclerotinia homoeocarpa isolates responsible for practical field 
resistance.  Isolates were sampled from populations that were previously determined to 
be field-resistant to propiconazole (HGC, HRCC, SMCC and WBGC) and a baseline 
population (JTRF).  Samples were collected from propiconazole-treated (0.44 kg a.i. ha
-1
) 
and untreated plots at two time points: (1) initial (before application) and (2) 7-days after 
treatment (DAT).  Isolates sampled 7-DAT were collected from dollar spot infection 
centers displaying active mycelia or newly infected lesions and were considered field 
resistant isolates because propiconazole applied at the 0.44 kg a.i. ha
-1
 rate is labeled for a 
minimum of 14 days control.  All S. homoeocarpa isolates sampled in the study were 
assayed to determine relative mycelium growth % (RMG%) at 0.1, 0.3, 0.5 and 1.0 µg a.i. 
ml
-1
 of propiconazole.  Increased discriminatory concentrations containing 0.3, 0.5 and 
1.0 µg a.i. ml
-1
 of propiconazole were tested to determine if growth of field resistant 
isolates could be qualitatively differentiated.  Field resistant isolates were sampled from 
the HGC, HRCC, SMCC and WBGC locations 7-DAT, but not JTRF.  All JTRF isolates 
were completely inhibited by the 1.0 µg a.i. ml
-1
 of propiconazole concentration.  Almost 
all field-resistant isolates (98.7%) obtained 7-DAT from HGC, HRCC, SMCC and 
WBGC exhibited growth on the 1.0 µg a.i. ml
-1
 of propiconazole concentration.  Results 
indicate that practical field-resistant S. homoeocarpa isolates capable of causing infection 
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less than 7 days after propiconazole application also exhibit growth on 1.0 µg a.i. ml
-1
 of 
propiconazole, suggesting that the discriminatory concentration 1.0 µg a.i. ml
-1
 of 
propiconazole is suitable for qualitative assessment of propiconazole-field-resistant 
isolates. 
 
Introduction 
 Dollar spot, caused by the Ascomycete fungus Sclerotinia homoeocarpa F.T. 
Bennett, is a major turfgrass disease that causes significant damage to turfgrass swards 
from May to October on North American golf courses (Couch, 1995; Smiley et al 2005; 
Walsh, 1999).  Cultural practices do not provide adequate S. homoeocarpa suppression 
and multiple fungicide applications are made each year to maintain acceptable turf 
quality (Smiley et al 2005; Walsh, 1999).  A direct result of the selection pressure applied 
by multiple yearly fungicide applications is the development of fungicide resistance to 
the benzimidazole, dicarboximide and sterol demethylation inhibitor (DMI) classes in S. 
homoeocarpa (Cole et al., 1968; Detweiler et al., 1983; Golembiewski et al., 1995).   
Putman et al. conducted a survey of fungicide resistance on golf courses in the 
northeastern United States and confirmed previous reports of resistance to the 
benzimidazole, dicarboximide and DMI classes from several states including Georgia, 
Indiana, Massachusetts, Mississippi, North Carolina, Ohio, Tennessee and Wisconsin 
(Bishop et al. 2008; Brownback and Latin 2002; Golembiewski et al. 1995; Jo et al. 2006; 
Koch et al. 2009; Miller et al. 2002; Putman et al., 2010; Tredway, 2005).  Overall, 
benzimidazole resistance is well documented in many crops and was first reported in S. 
homoeocarpa by Warren et al. (1974).  Dicarboximide resistance was first reported in 
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1983 and appears to occur less frequently than DMI resistance according to regional 
survey studies (Detweiler et al., 1983; Jo et al., 2006; Putman et al., 2010).  Due to 
development of benzimidazole and dicarboximide resistance, DMI fungicides have been 
and are currently utilized to control S. homoeocarpa strains that have developed 
benzimidazole and dicarboximide resistance (Miller et al., 2002).  However, frequent use 
of DMI fungicides has led to the selection of DMI resistant S. homoeocarpa populations.  
DMI resistance was first reported in 1992, and is of concern due to confirmation of cross-
resistance for six commonly used DMI active ingredients on turfgrass (OK et al., 2011; 
Vargas et al., 1992).  Furthermore, DMI fungicides offer broad-spectrum disease control 
and are frequently used by turfgrass managers for many other diseases.  The presence of 
cross-resistance among the DMI class coupled with the frequent use of DMI fungicides 
has created a need for an accurate method to indentify isolates causing practical DMI 
field resistance. 
Practical DMI field resistance in turfgrass can be regarded as the appearance of S. 
homoeocarpa infection centers less than 14 days after application of any DMI fungicide 
(metconazole, myclobutanil, propiconazole, tebuconazole, triticonazole and triadimefon) 
applied at the label rate (Putman et al., 2010).  Chapter 2 results determined that S. 
homoeocarpa isolates collected from infection centers 7 days after propiconazole 
application exhibited relative mycelium growth (RMG) values above 50% and were 
associated with practical propiconazole field resistance at four separate locations.  
Moreover, collecting S. homoeocarpa isolates from active infection centers 7 days after 
propiconazole application served as a novel method of establishing a collection of 
isolates with confirmed field resistance to the DMI fungicide propiconazole. 
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One major pitfall of the previously used methodology to determine RMG% is the 
labor input required to conduct the assay.  A simplified assay that determines practical 
resistance in a qualitative manner would decrease the time required to conduct DMI-
resistance assays and allow for a greater number of isolates to be processed with similar 
precision.  Furthermore, development of a qualitative DMI-resistance assay may also 
allow for the development of a DMI-resistance detection kits that could be used by golf 
course superintendents or extension agents.  A fungicide resistance detection kit was 
developed for the peach pathogen Monilinia fructicola and has been used to make 
fungicide recommendations to peach growers (Amiri et al., 2008; Hallberg, 2009).  The 
objective of this study was to develop a qualitative in vitro fungicide sensitivity assay for 
detecting propiconazole field resistant S. homoeocarpa isolates using native populations 
of S. homoeocarpa with confirmed propiconazole field resistance.  
 
Materials and Methods 
Isolate Selection      
Isolates from the five locations (HGC, HRCC, JTRF, SMCC and WBGC) used in 
Chapter 2 were utilized in this experiment as well.  Field trials conducted in 2009 and 
2010 determined that S. homoeocarpa populations from HGC, HRCC, SMCC and 
WBGC exhibited practical propiconazole field resistance (Table 2.3).  Isolates obtained 
from the 0.44 kg a.i. ha
-1
 propiconazole treatment were used in this experiment because 
more isolates were recovered from the 0.44 kg a.i. ha
-1
 propiconazole treatment than any 
other propiconazole treatment.  From this point forward in Chapter 3, propiconazole-
treated plots will refer exclusively to plots treated with 0.44 kg a.i. ha
-1
 propiconazole.   
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Isolates selected for this study were sampled from two different time points in 
2009: initial (prior to treatment) and 7 days after treatment (7-DAT).  Isolates from the 
initial sample were collected prior to fungicide application from propiconazole and 
untreated plots at all locations.  Isolates from the 7-DAT-sample time were collected 
from propiconazole-treated and untreated plots at HGC, HRCC, SMCC and WBGC.  
Isolate collection 7-DAT did not occur at JTRF because S. homoeocarpa infection 
centers were not present until 50-DAT on propiconazole-treated plots.  This was the 
result of low disease pressure after the end of field efficacy testing and propiconazole 
being highly effective on a DMI sensitive population.  Isolates were collected 7-DAT 
from S. homoeocarpa infection centers with active mycelia or newly infected lesions and 
up to ten infection centers per plot were sampled.  The 7-DAT sampling was employed to 
determine the sensitivity of propiconazole-field-resistant isolates, since 0.44 kg a.i. ha
-1
 
of propiconazole is labeled to control dollar spot for 14 days.  The 7-DAT sampling did 
not occur in the same spray interval at all locations, since disease pressure at each field 
trial location varied.  HGC 7-DAT isolates were collected after the first application, 
HRCC and SMCC 7-DAT isolates were collected after the second application, and 
WBGC 7-DAT isolates were collected after the fourth application.   
 
Fungal Isolation and In Vitro Fungicide Sensitivity Assay  
 Fungal isolation was conducted following procedures described by Jo et al. and in 
Chapter 2 (Jo et al., 2006).  Sclerotinia homoeocarpa isolates from the summer of 2009 
were stored at ambient temperature in dried pure cultures.  Isolates from untreated and 
propiconazole-treated plots (initial and 7-DAT) were transferred to APDA and grown for 
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2-3 days before being transferred to PDA.  Two to three days after transfer to PDA, 
isolates were assayed on propiconazole-amended PDA to determine relative mycelium 
growth percentage (RMG%) at multiple discriminatory concentrations.  Propiconazole-
amended PDA was prepared by performing serial dilutions of commercial grade 
propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) in 
sterile de-ionized water and added to PDA resulting, in final concentrations of 0.1, 0.3, 
0.5 and 1.0 µg a.i. ml
-1
.  One 5-mm agar plug was transferred from actively growing 
mycelium of pure S. homoeocarpa cultures to the center of each propiconazole-amended 
PDA (0.1, 0.3, 0.5 and 1.0 µg a.i. ml
-1
) and non-amended PDA Petri plate.  This step was 
replicated twice for each isolate.  Forty-eight hours after transfer, three radial points 
approximately 120° apart on the circumference of actively growing S. homoeocarpa 
mycelial colonies were measured with digital calipers (Mahr 16EX, Göttingen, 
Germany).  The average radial growth on propiconazole-amended PDA was divided by 
the average non-amended radial growth and multiplied by 100 to give RMG% for each 
Petri plate.  Table 3.1 contains a list of the number of isolates that were assayed from at 
each location.  
 
Qualitative Discriminatory Concentration Selection 
JTRF is a DMI-sensitive population and propiconazole provided a high level of S. 
homoeocarpa control during 2 years of field-efficacy testing (Table 2.3).  Populations 
HGC, HRCC, SMCC and WBGC were determined to be field resistant to propiconazole 
during 2 years of field efficacy testing described in Chapter 2 (Table 2.3).  However, 
HGC and HRCC both displayed bimodal population distributions (sensitive and resistant 
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subpopulations) during the 2009 initial sample, and propiconazole application selected 
the resistant subpopulation in propiconazole-treated plots at each location 7-DAT.  
Therefore, qualitative discriminatory concentration selection was focused on determining 
the concentration that suppressed growth of JTRF isolates and sensitive isolates from 
HGC and HRCC, while allowing field-resistant isolates from HGC, HRCC, SMCC and 
WBGC to exhibit growth.  RMG% was calculated for all concentrations (0.1, 0.3, 0.5 and 
1.0 µg a.i. ml
-1
), and histograms were constructed to show isolate growth on the 
respective concentrations.  Isolates sampled from untreated plots (initial and 7-DAT) 
were pooled with isolates from propiconazole plots initial sample in histograms since 
those isolates were not collected from plots that were not under direct selection pressure 
prior to sampling.  Isolates collected 7-DAT from propiconazole plots were presented in 
separate histograms for HGC, HRCC, SMCC and WBGC.      
 
Results 
Qualitative Discriminatory Concentration Evaluation 
 JTRF RMG% ranged from 9.7-48.4 % (0.1 µg a.i. ml
-1
), 0.0-23.6 % (0.3 µg a.i. 
ml
-1
) and 0.0-18.6 % (0.5 µg a.i. ml
-1
).   Complete suppression of all isolates was 
observed at 1.0 µg a.i. ml
-1
 (Figure 1).  All isolates exhibited RMG values below 50%, 
therefore, isolates from untreated and propiconazole treated plots were pooled together 
for Figure 3.1. 
 Isolates sampled 7-DAT from propiconazole-treated plots at HGC, HRCC, SMCC 
and WBGC were determined to be field resistant in Chapter 2, and RMG range data will 
be presented separately.  RMG% ranges observed from HGC were: 62.3-91.8%, 52.8-
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87.8%, 46.5-71.4% and 38.2-77.7% for 0.1, 0.3, 0.5 and 1.0 µg a.i. ml
-1
 of propiconazole, 
respectively.  RMG% ranges observed from HRCC were: 66.5-93.7 %, 54.8-78.5%, 39.9-
70.4% and 26.3-58.0% for 0.1, 0.3, 0.5 and 1.0 µg a.i. ml
-1
 of propiconazole, 
respectively.  RMG% ranges observed for SMCC were: 46.5-63.0%, 32.3-57.7%, 31.4-
59.8% and 6.4-41.5% for 0.1, 0.3, 0.5 and 1.0 µg a.i. ml
-1
 of propiconazole, respectively.  
RMG% ranges observed for WBGC were: 59.3-89.8%, 44.5-79.8%, 35.4-69.0% and 
23.2-55.9% for 0.1, 0.3, 0.5 and 1.0 µg a.i. ml
-1
 of propiconazole, respectively.  Figures 
3.2-B, 3.3-B, 3.4-B and 3.5-B show complete population distributions for HGC, HRCC, 
SMCC and WBGC.  Field-resistant isolates from HGC, HRCC, SMCC and WBGC 
exhibited 100 % growth on 0.3 and 0.5 µg a.i. ml
-1
 of propiconazole and 98.7 % of 
isolates exhibited growth on 1.0 µg a.i. ml
-1
 of propiconazole.   
Isolates from untreated plots (initial and 7-DAT) and propiconazole plots initial 
sample were pooled for RMG% range description.  RMG% ranges observed from HGC 
were: 17.4-95.5 %, 0.0-85.4 %, 0.0-82.7 % and 0.0-62.0% for 0.1, 0.3, 0.5 and 1.0 µg a.i. 
ml
-1
 of propiconazole, respectively.  RMG% ranges observed from HRCC were: 4.4-99.6 
%, 0.0-98.5 %, 0.0-83.4 % and 0.0-62.4% for 0.1, 0.3, 0.5 and 1.0 µg a.i. ml
-1
 of 
propiconazole, respectively.  HGC and HRCC displayed bimodal population distributions 
in absence of propiconazole selection pressure; whereas propiconazole plots 7-DAT 
displayed solely unimodal populations distributions (Figures 3.2 and 3.3).  RMG% ranges 
observed from SMCC were: 29.9-76.1 %, 9.7-70.6 %, 0.0-56.1 % and 0.0-48.1 % for 0.1, 
0.3, 0.5 and 1.0 µg a.i. ml
-1
 of propiconazole, respectively.  RMG% ranges observed from 
WBGC were: 61.2-97.1 %, 40.6-80.2 %, 32.1-71.4 % and 6.9-59.8 % for 0.1, 0.3, 0.5 and 
1.0 µg a.i. ml
-1
 of propiconazole, respectively.  Figures 3.2-A, 3.3-A, 3.4-A and 3.5-A 
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show complete population distributions for HGC, HRCC, SMCC and WBGC.   
   
Selection of a Qualitative Discriminatory Concentration 
Practical field-resistance analysis with a qualitative discriminatory concentration 
analyzes population distributions based on the presence or absence of mycelium growth.  
The 0.5 and 1.0 µg a.i. ml
-1
 concentrations of propiconazole completely suppressed 
mycelium growth of 99.1 % and 100.0 % of isolates from JTRF, respectively.  The 1.0 µg 
a.i. ml
-1
 concentration of propiconazole was also more effective at reducing aerial 
mycelia.  Aerial mycelia resulted from mycelium growing vertically from the agar plug 
placed on propiconazole-amended media (Figure 3.6).  Aerial mycelia was not quantified, 
however Figure 3.7 shows the presence of aerial mycelium in a greater abundance on 
PDA amended with 0.5 µg a.i. ml
-1
 than PDA amended with 1.0 µg a.i. ml
-1
 of 
propiconazole.  This trend in aerial mycelium was observed in general among isolates 
from all locations.   
Field-resistant isolates sampled from propiconazole plots at HGC, HRCC, SMCC 
and WBGC 7-DAT were analyzed to determine the appropriate qualitative discriminatory 
concentration.  Population distributions show that field-resistant isolates exhibited growth 
on all discriminatory concentrations tested and both 0.5 and 1.0 µg a.i. ml
-1 
would be 
suitable for qualitative assessment of field resistant isolates.  Due to reduced aerial 
mycelium growth on PDA amended with 1.0 µg a.i. ml
-1
 of propiconazole, this 
concentration was determined to be more effective for qualitative in vitro detection of 
propiconazole-field-resistant isolates (Figure 3.7).   
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Discussion 
Detection of field-resistant isolates of S. homoeocarpa using in vitro sensitivity 
assays is a practical and useful resistance-management tool for monitoring the frequency 
of resistant isolates in field populations.  Numerous studies have been conducted to 
examine DMI field efficacy and in vitro fungicide sensitivity in S. homoeocarpa; 
however, none have successfully determined a RMG% threshold or a single 
discriminatory concentration that is capable of detecting practical DMI field resistance 
(Golembiewski et al 1995; Gilstrap et al 1997; Jo et al 2006).  Koch et al. speculated that 
40% RMG on the propiconazole discriminatory concentration 0.1 µg a.i. ml
-1
 might be an 
adequate threshold for assessing field resistance based on sampling data from seven golf 
courses; however, field studies to corroborate this hypothesis were not conducted (Koch 
et al., 2009).  Chapter 2 determined that RMG values above 50% on the propiconazole 
discriminatory concentration 0.1 µg a.i. ml
-1
 were strongly associated with isolates 
causing practical field resistance.  This was the first determination of a RMG threshold 
for practical DMI field resistance to S. homoeocarpa.  
The experiment in Chapter 3 was conducted to develop a qualitative detection 
assay for DMI-field-resistant isolates based on the findings of Chapter 2.  Cox et al., 
(2007) utilized a discriminatory concentration that qualitatively differentiated DMI 
resistant Monilinia fructicola isolates, thus suggesting qualitative detection of DMI-
resistant isolates was feasible.  Based on this premise, we decided to evaluate increased 
discriminatory concentrations that would inhibit growth of isolates in the 0-50% RMG 
range, but allow for isolates in the 50-100% range to exhibit growth in order to 
qualitatively detect field-resistant isolates.   
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Isolates from JTRF were considered sensitive to propiconazole since 95.4 % 
relative control was observed in 2009 on plots treated with 0.44 kg a.i. ha
-1
 of 
propiconazole (Table 2.3).  Furthermore, isolates did not exhibit RMG values in excess of 
50% in experiments conducted in either Chapter 2 or 3.  Therefore, complete suppression 
of JTRF isolate growth was critical for selecting the proper qualitative discriminatory 
concentration.  All JTRF isolates were completely suppressed by the 1.0 µg a.i. ml
-1
 
discriminatory concentration of propiconazole tested thus indicating this an appropriate 
concentration to suppress isolates controlled by propiconazole under field conditions.  
Moreover, isolates from the HGC and HRCC sensitive subpopulations were also 
inhibited by the 1.0 µg a.i. ml
-1
 discriminatory concentration of propiconazole (Figures 
3.2-A and 3.3-A).  Isolates sampled 7-DAT from propiconazole plots were considered 
field resistant because efficacy reductions ranged from 54-77% relative control in 2009.  
Furthermore, infection centers were present 7-DAT on plots treated with 0.44 kg a.i. ha
-1
 
of propiconazole at HGC, HRCC, SMCC and WBGC and propiconazole is labeled to 
control S. homoeocarpa for a minimum of 14 days.  A total of 98.7% of field resistant 
isolates sampled from HGC, HRCC, SMCC and WBGC were capable of growing on the 
1.0 µg a.i. ml
-1
 discriminatory concentration of propiconazole, and 100% of isolates were 
capable of growing on the 0.5 µg a.i. ml
-1
 concentration of propiconazole.  Aerial 
mycelium growth was observed among sensitive isolates on the 0.5 µg a.i. ml
-1
 
concentration of propiconazole, the 1.0 µg a.i. ml
-1
 concentration of propiconazole was 
determined to be more effective at reducing aerial mycelium.  The goal of a qualitative 
discriminatory concentration is to inhibit the growth of sensitive isolates while permitting 
field-resistant isolates to grow.  The 1.0 µg a.i. ml
-1
 concentration of propiconazole 
  92 
accomplished this goal and indicates PDA amended with 1.0 µg a.i. ml
-1
 of propiconazole 
is suitable for qualitative assessment of propiconazole field resistance.   
Isolates sampled from propiconazole plots at the initial sample time from HGC, 
HRCC, SMCC and WBGC contained 37.5, 46.7, 77.9 % and 100.0% field-resistant 
isolates according to qualitative DMI-resistance assessment at 1.0 µg a.i. ml
-1
 of 
propiconazole (Table 3.2).  This suggests that in the absence of propiconazole selection 
pressure the frequency of field-resistant isolates will be lower in the overall population.  
A similar trend in field-resistant-isolate frequency was displayed in untreated plots as 
well (Table 3.2).  Chapter 2 established that field-resistant isolates were quickly selected 
after one propiconazole application and that multiple propiconazole applications in one 
year had an effect on resistant-isolate frequency the following season.  Furthermore, 
based on the frequency of resistant isolates sampled from propiconazole plots at HGC 
(37.5%) and HRCC (46.7%) in the 2009 initial sample, populations consisting of 
approximately 40% field-resistant isolates can cause significant DMI-efficacy reductions.  
However, it should be noted that HGC and HRCC are the first report of sites exhibiting 
bimodal DMI-resistant population distributions of any plant pathogen and that field 
populations are more likely to be unimodal in distribution.  Therefore, most populations 
would be more similar to JTRF, SMCC and WBGC and either show completely resistant 
or sensitive population distributions.    
Although this protocol shows promise, there are some potential problems that 
may arise due to low number of populations examined (n = 5).  Populations with low 
levels or infrequent exposure to DMI fungicides may represent intermediate populations 
that are not completely field resistant, but more insensitive than baseline populations.  
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This may result in low mycelial growth levels or complete inhibition on the 1.0 µg a.i. 
ml
-1
 discriminatory concentration of propiconazole, thereby potentially limiting this assay 
to detection of only propiconazole-field-resistant isolates.  Much like Chapter 2, further 
investigation of the molecular mechanism responsible for DMI resistance is needed to 
further validate the accuracy of qualitative-field-resistance detection on a finer scale. 
  In terms of detecting propiconazole-field-resistant isolates qualitatively, this 
methodology was successful.  Moreover, qualitative detection of propiconazole-field-
resistant isolates could potentially be used to develop a fungicide resistance detection kit 
for S. homoeocarpa.  The report of widespread fungicide resistance to the benzimidazole, 
dicarboximide and DMI classes in the Northeast region by Putman et al. illustrate the 
need for a fungicide resistance detection kit (Putman et al., 2010).  A similar kit was 
developed to determine fungicide resistance profiles to Monilinia fructicola and has been 
useful in providing site-specific recommendations to peach growers (Amiri et al., 2008; 
Hallberg, 2009).  The prior existence of qualitative discriminatory concentrations for the 
benzimidazole and dicarboximide classes coupled with the findings presented here 
provide the necessary knowledge needed for development of a S. homoeocarpa fungicide 
resistance detection kit (Detweiler et al., 1983; Jo et al., 2006).  Future work should focus 
on development of a simple fungicide resistance detection kit that can be utilized by golf 
course superintendents or extension agents to determine site-specific fungicide resistance 
profiles.    
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Table 3.1.  Location, number of fungicide applications applied in 2009 field efficacy trial and number of 
Sclerotinia homoeocarpa isolates collected from golf courses in 2009.   
No. of isolates  
Initial
x 
7 DAT
y 
Abbreviation Location 
 
No. of  
Applications
w 
Unt. PP Unt. PP 
WBGC Bloomfield, CT 4 14 36 34 19 
JTRF
z
 South Deerfield, MA 4 32 37 40
z
 35
z
 
SMCC Kensington, CT 3 20 15 31 17 
HGC West Hartford, CT 3 31 29 39 16 
HRCC Hadley, MA 2 28 29 33 26 
w Total number of DMI applications made during the field trial. 
x Isolates collected during the initial sampling (Initial) had not been treated with fungicides prior to 
sampling.  Untreated (Unt) and propiconazole treated (PP) plots represent the type of fungicide treatment 
plots received after sample collection. 
y Isolates collected seven days after treatment (7 DAT) were either untreated (Unt) or treated with 0.44 kg 
a.i. ha-1 of propiconazole (PP).  Isolates were only collected from S. homoeocarpa infection centers 
displaying active mycelium growth or newly infected lesions. 
z Isolates collected from JTRF were sampled 50 days after treatment.  Sclerotinia homoeocarpa infection 
was not observed until 50 days after treatment days within plots treated with 0.44 kg a.i. ha-1 of 
propiconazole. 
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Table 3.2.  Percentage of isolates growing on the 1.0 µg a.i. ml
-1
 discriminatory concentration of 
propiconazole before and after fungicide application from untreated and propiconazole treated plots.   
  Location 
Sample time
y 
Treatment  WBGC JTRF
z 
SMCC HGC HRCC 
Initial Untreated 100% 0% 57.8% 50.0% 56.3% 
7-DAT Untreated 97.1% 0% 69.4% 42.5% 78.8% 
       
Initial Propiconazole  100% 0% 77.9% 37.5% 46.7% 
7-DAT Propiconazole  100% 0% 94.4% 100% 100% 
y Isolates collected during the initial sampling (Initial) had not been treated with propiconazole prior to 
sampling.  Isolates collected seven days after treatment (DAT) were only sampled from infection centers 
displaying active mycelium growth or newly infected lesions.  
z Isolates collected from JTRF were sampled 50 days after treatment.  Sclerotinia homoeocarpa infection 
was not observed until 50 days after treatment days within plots treated with 0.44 kg a.i. ha-1 of 
propiconazole. 
 
!
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Figure 3.1.  Joseph Troll Research Facility (JTRF) relative mycelium growth percentage (RMG%) on 0.1, 
0.3, 0.5 and 1.0 µg a.i. ml
-1
 propiconazole discriminatory concentrations. 
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Figure 3.2.  Hartford Golf Club (HGC) relative mycelium growth percentage (RMG%) on 0.1, 0.3, 0.5 and 
1.0 µg a.i. ml
-1
 propiconazole discriminatory concentrations.  (A) Population distribution of isolates 
sampled from propiconazole (initial) and untreated (initial and 7-DAT) (B) Population distribution of 
isolates sampled from propiconazole plots (7-DAT).    
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Figure 3.3.  Hickory Ridge Country Club (HRCC) relative mycelium growth percentage (RMG%) on 0.1, 
0.3, 0.5 and 1.0 µg a.i. ml
-1
 propiconazole discriminatory concentrations.  (A) Population distribution of 
isolates sampled from propiconazole (initial) and untreated (initial and 7-DAT).  (B) Population 
distribution of isolates sampled from propiconazole plots (7-DAT). 
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Figure 3.4.  Shuttle Meadow Country Club (SMCC) relative mycelium growth percentage (RMG%) on 0.1, 
0.3, 0.5 and 1.0 µg a.i. ml
-1
 propiconazole discriminatory concentrations.  (A) Population distribution of 
isolates sampled from propiconazole (initial) and untreated (initial and 7-DAT).  (B) Population 
distribution of isolates sampled from propiconazole plots (7-DAT). 
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Figure 3.5.  Wintonbury Hills Golf Club (WBGC) relative mycelium growth percentage (RMG%) on 0.1, 
0.3, 0.5 and 1.0 µg a.i. ml
-1
 propiconazole discriminatory concentrations.  (A) Population distribution of 
isolates sampled from propiconazole (initial) and untreated (initial and 7-DAT).  (B) Population 
distribution of isolates sampled from propiconazole plots (7-DAT). 
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!
Figure 3.6.  Aerial mycelium is observed growing from 5-mm agar plug placed on PDA amended with 0.5 
ug a.i. ml
-1
 of propiconazole.  Aerial mycelium displays vertical growth and does not exhibit prostrate 
growth on fungicide amended media surface.  
  102 
!
Figure 3.7.  In vitro mycelial growth of field resistant (HRCC) and field sensitive (JTRF) isolate of 
Sclerotinia homoeocarpa on PDA media amended with propiconazole at 0, 0.1, 0.3, 0.5 and 1.0 ug a.i. ml
-1
.  
Mycelium growth observed on the 0.3 and 0.5 ug a.i. ml 
-1
concentrations was commonly associated with 
aerial mycelium that did not make contact with propiconazole amended media.   
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APPENDIX 
HICKORY RIDGE COUNTRY CLUB AND JOSEPH TROLL TURF RESEARCH 
FACILITY TREATMENT*INTERVAL INTERACTION DATA 
 
  
1
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Table A.1.  Analysis of variance of Sclerotinia homoeocarpa infection centers as influenced by treatment and application interval in 2009 and 2010 at the Joseph 
Troll Turf Research Facility (JTRF).  
 2009 Sclerotinia homoeocarpa infection centers
w
 
Source of variation 23 June 1 July 7 July 15 July 22 July 29 July 6 Aug 12 Aug 19 Aug 25 Aug 1 Sep 9 Sep 15 Sep 
Treatment
x 
NS
y 
*** *** *** *** *** *** *** *** ***
y 
*** *** *** 
Interval
z 
NS NS NS NS NS NS ** ** NS *** ** NS NS 
Treatment*Interval NS NS NS NS NS NS *** *** NS *** *** NS NS 
 
 2010 Sclerotinia homoeocarpa infection centers
w 
Source of variation 20 July 27 July 3 Aug 11Aug 17 Aug 24 Aug 31 Aug 7 Sept 14 Sept 21 Sept    
Treatment
x 
NS
y 
*** *** *** *** *** *** * *** ***    
Interval
z 
NS NS NS NS NS NS NS NS NS NS    
Treatment*Interval NS NS NS NS NS NS ** NS NS NS    
w 
Disease severity was assessed by counting individual Sclerotinia homoeocarpa infection centers within each plot.  Data were log + 1 transformed prior to 
analysis. 
x 
Fungicides included propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 82.5WDG, 
Syngenta Crop Protection, Greensboro, NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for propiconazole and (8.18 kg 
a.i. ha
-1
) for chlorothalonil. 
y
  *, **,  *** and NS refer to significance at P ! 0.05, 0.01, 0.001 and not significant, respectively.   
z
    Fungicide treatments were applied at 14 and 21 day application intervals.  14-day interval treatments were made on 23 June, 8 July, 22 July, 6 August and 19 
August in 2009.  21-day interval treatments were applied on 23 June, 15 July, 6 August and 25 August in 2009.  14-day interval treatments were made on 20 
July, 3 August, 17 August and 31 August in 2010.  21-day interval treatments were made 20 July, 11 August and 31 August in 2010 
  
1
0
5
 
Table A.2.  Analysis of variance of Sclerotinia homoeocarpa infection centers as influenced by fungicide treatment and application interval in 2009 and 2010 at 
Hickory Ridge Country Club (HRCC). 
 2009 Sclerotinia homoeocarpa Infection Centers
w 
Source of variation 1 Aug 8 Aug 14 Aug 20 Aug 28 Aug 4 Sept 11 Sept    
Treatment
x 
NS
y 
** *** *** *** ***
 
***    
Interval
z 
NS NS NS ** * * *    
Treatment*Interval NS NS NS * NS NS *    
 
 2010 Sclerotinia homoeocarpa Infection Centers
w 
Source of variation 14 June 21 June 28 June 6 July 13 July 20 July 27 July 3 Aug 11 Aug 17 Aug 
Treatment
x 
NS
y 
* *** *** *** *** *** *** *** *** 
Interval
z 
NS NS NS NS NS NS NS NS NS NS 
Treatment*Interval ** NS NS NS NS * ** ** NS ** 
w
 Disease severity was assessed by counting individual Sclerotinia homoeocarpa infection centers within each plot.  Data were log + 1 transformed prior to 
analysis.  
x 
Treatments included untreated, propiconazole (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 
82.5WDG, Syngenta Crop Protection, Greensboro, NC).  The fungicide application rates used were (0, 0.44, 0.88, 1.32 and 1.76  kg a.i. ha
-1
) for 
propiconazole and (12.67 kg a.i. ha
-1
) for chlorothalonil. 
y
  *, **,  *** and NS refer to significance at P ! 0.05, 0.01, 0.001 and not significant, respectively.   
z
    Fungicide treatments were applied at 14 and 21 day application intervals.  14-day interval treatments were made on 1 August, 14 August and 28 August in 
2009.  21-day interval treatments were applied on 1 August and 20 August in 2009.  14-day interval treatments were made on 14 June, 28 June, 13 July and 
27 July in 2010.  21-day interval treatments were made on 14 June, 6 July and 27 July in 2010.  
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Table A.3.  Influence of application interval on Sclerotinia homoeocarpa infection center  
occurrence in 2009 at the Joseph Troll Turf Research Facility (JTRF). 
 Sclerotinia homoeocarpa Infection Centers
v
 
Interval
w 
6 Aug 12 Aug 25 Aug 1 Sep 
14-day
x
 38.0 b
y
 17.4 b 20.8 b 12.6 b 
21-day
z 
56.2 a 27.5 a 27.7 a 13.3 a 
v
   Data were log + 1 transformed prior to analysis, but actual infection center means are 
shown. 
w
   Treatments included untreated, propiconazole (Banner MAXX 1.3EC, Syngenta Crop 
Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 82.5WDG, Syngenta 
Crop Protection, Greensboro, NC).  The fungicide application rates were (0.44, 0.88, 
1.32 and 1.76 kg a.i. ha
-1
) for propiconazole and (8.18 kg a.i. ha
-1
) for chlorothalonil. 
x 
14-day interval treatments were applied on 23 June, 8 July, 22 July, 6 August and 19 
August.   
y
 Means in a column followed by the same letter are not significantly different according 
to Tukey’s honest significant difference (P ! 0.05).   
z
 21-day interval treatments were applied on 23 June, 15 July, 6 August and 25 August. 
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Table A.4.  Interaction between treatment and interval on Sclerotinia homoeocarpa infection center 
occurrence in 2009 and 2010 at the Joseph Troll Turf Research Center (JTRF). 
Treatment
u
 Sclerotinia homoeocarpa Infection Centers
v
 
(kg a.i. ha
-1
) 2009
w 
 2010
x 
14-day interval 6 Aug 12 Aug 25 Aug 1 Sept  31 Aug 
Untreated
 
203.5 a
y 
101.5 a
 
124.8 a 75.5 a  28.0 a 
PP-0.44 0.0 c 0.0 c 0.0 b 0.3 b  0.0 b 
PP-0.88 0.0 c 0.0 c 0.0 b 0.0 b  0.3 b 
PP-1.28 0.0 c 0.0 c 0.0 b 0.0 b  0.0 b 
PP-1.76 0.0 c 0.0 c 0.0 b 0.0 b  0.0 b 
CH-8.18 24.5 b 2.8 b 0.0 b 0.0 b  0.5 b 
DAT
z 
14-DAT 7-DAT 7-DAT 14-DAT  14-DAT 
       
21-day interval 6 Aug 12 Aug 25 Aug 1 Sept  31 Aug 
Untreated
 
196.8 a
y 
102.5 a 121.5 a
 
68.5 a
 
 28.3 a
 
PP-0.44 15.8 b 2.5 c 0.3 c 0.0 c  0.5 c 
PP-0.88 0.5 c 0.0 c 0.0 c 0.0 c  0.3 c 
PP-1.28 0.0 c 0.0 c 0.0 c 0.0 c  0.0 c 
PP-1.76 0.0 c 0.0 c 0.0 c 0.0 c  0.0 c 
CH-8.18 124.3 a 60.0 b 44.5 b 11.3 b  6.3 b 
DAT
z 
21-DAT 7-DAT 21-DAT 7-DAT  21-DAT 
u
 Treatments included untreated, propiconazole (PP) (Banner MAXX 1.3EC, Syngenta Crop Protection, 
Greensboro, NC) and chlorothalonil (CH) (Daconil Ultrex 82.5WDG, Syngenta Crop Protection, 
Greensboro, NC).  The fungicide application rates used were (0.44, 0.88, 1.32 and 1.76 kg a.i. ha
-1
) for 
propiconazole and (8.18 kg a.i. ha
-1
) for chlorothalonil.   
v
  Individual infection centers were counted for each plot.  Data were log + 1 transformed prior 
to analysis, but actual infection center means are shown. 
w
 14-day interval treatments were made on 23 June, 8 July, 22 July, 6 August and 19 August in 2009.  21-
day interval treatments were applied on 23 June, 15 July, 6 August and 25 August in 2009.  
x 
   14-day interval treatments were made on 20 July, 3 August, 17 August and 31 August in 2010.  21-day 
interval treatments were made 20 July, 11 August and 31 August in 2010. 
y
    Means in a column followed by the same letter are not significantly different according to 
Tukey’s honest significant difference (P ! 0.05).   
z 
DAT = Days after treatment. 
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Table A.5.  Influence of application interval on Sclerotinia homoeocarpa infection 
occurrence in 2009 at Hickory Ridge Country Club (HRCC). 
 Sclerotinia homoeocarpa Infection Centers
v
 
Interval
w
 20 Aug 28 Aug 4 Sept 11 Sept 
14-day
x
 7.5 b
y 
10.4 a 12.6 b 9.8 b 
21-day
z
 11.6 a 10.0 b 14.4 a 13.0 a 
v
   Data were log + 1 transformed prior to analysis, but actual infection cneter means are 
shown. 
w
   Treatments included untreated, propiconazole (Banner MAXX 1.3EC, Syngenta Crop 
Protection, Greensboro, NC) and chlorothalonil (Daconil Ultrex 82.5WDG, Syngenta 
Crop Protection, Greensboro, NC).  The fungicide application rates were (0.44, 0.88, 
1.32 and 1.76 kg a.i. ha
-1
) for propiconazole and (8.18 kg a.i. ha
-1
) for chlorothalonil. 
x 
14-day interval treatments were applied on 1 August, 14 August and 28 August.   
x
 Means in a column followed by the same letter are not significantly different according  
 to Tukey’s honest significant difference (P ! 0.05). 
z
 21-day interval treatments were applied on 1 August and 20 August.   
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Table A.6.  Interaction between treatment and interval on Sclerotinia homoeocarpa infection center occurrence in 2009 and 
2010. at Hickory Ridge Country Club (HRCC).  
Treatment
u
 Sclerotinia homoeocarpa Infection Centers
v
 
(kg a.i. ha
-1
) 2009
w 
 2010
x 
14-day interval
 
20 Aug 11 Sept  20 July 27 July 3 Aug 17 Aug 
Untreated
 
39.5 a
y 
47.5 a  64.3 a 78.8 a 73.3 a 118.0 a 
PP-0.44 3.0 b 7.8 b  36.3 ab 53.8 ab 39.8 b 78.0 b 
PP-0.88 1.3 b 2.5 bc  22.0 ab 35.3 bc 22.8 bc 51.3 bc 
PP-1.28 0.0 b 0.8 bc  8.8 bc 17.3 c 9.8 c 18.0 cd 
PP-1.76 0.5 b 0.5 c  3.8 c 8.3 c 4.0 c 10.0 d 
CH-8.18 1.0 b 0.0 c  3.3 c 10.5 c 3.5 c 21.5 cd 
DAT
z 
14-DAT 7-DAT  7-DAT 14-DAT 7-DAT 21-DAT 
        
21-day interval
 
20 Aug 11 Sept  20 July 27 July 3 Aug 17 Aug 
Untreated
 
42.0 a
y 
44.3 a  51.8 a 65.8 a 58.0 a 107.5 a 
PP-0.44 7.0 b 11.0 b  33.0 ab 45.8 b 35.8 b 69.3 b 
PP-0.88 5.5 b 6.8 b  20.8 bc 38.3 bc 24.5 bc 50.3 bc 
PP-1.28 3.0 b 3.8 b  19.3 bc 35.3 bc 19.5 bc 37.0 bc 
PP-1.76 0.8 b 0.8 b  10.0 bc 21.8 c 14.8 c 23.0 c 
CH-8.18 11.5 b 11.8 b  5.0 c 37.8 bc 16.0 bc 40.5 bc 
DAT
z 
21-DAT 7-DAT  14-DAT 21-DAT 7-DAT 14-DAT 
u
 Treatments included untreated, propiconazole (PP) (Banner MAXX 1.3EC, Syngenta Crop Protection, Greensboro, NC) 
and chlorothalonil (CH) (Daconil Ultrex 82.5WDG, Syngenta Crop Protection, Greensboro, NC).  The fungicide 
application rates used were (0.44, 0.88, 1.32 and 1.76  kg a.i. ha
-1
) for propiconazole and (8.18 kg a.i. ha
-1
) for 
chlorothalonil.   
v
  Individual infection centers were counted for each plot.  Data were log + 1 transformed prior to analysis, but actual 
infection center means are shown. 
w
 14-day interval treatments were made on 1 August, 14 August and 28 August in 2009.  21-day interval treatments were  
 applied on 1 August and 20 August in 2009.   
x 
   14-day interval treatments were made on 14 June, 28 June, 13 July and 27 July in 2010.  21-day interval treatments were 
 applied on 14 June, 6 July and 27 July in 2010.  
y
    Means in a column followed by the same letter are not significantly different according to Tukey’s honest significant 
difference (P ! 0.05).   
z
  DAT = Days after treatment
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